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ABSTRACT 


Aryl  ethers  are  quite  resistant  to  radiolytic  degradation.  The 
principal  physical  property  change  observed  as  the  result  of  radiolysis 
is  a  rather  rapid  increase  in  viscosity.  Chemically,  weakly  acidic  and 
relatively  low -boiling  compounds  are  formed. 

Aryl  ethers  such  as  bis[m  -  (m  -phenoxyphenoxy) phenyl]  ether, 
m  -bis{m-phenoxyphenoxy)benzene  and  Monsanto  DS  1  Z4  are  more  stable 
toward  radiolytic  degradation  than  diphenyl  ether  or  diphenoxybenzenes 
if  the  formation  of  benzene  and  phenol  is  used  as  a  criterion  for  radiation 
stability.  If,  however,  the  change  in  viscosity  is  a  measure  of  stability, 
then  all  of  these  ethers  possess  the  same  magnitude  of  stability. 

The  radiolytic  degradation  mechanisms  of  diphenyl  ether  were 
studied  extensively.  These  mechanisms  involve  polymerization  reactions 
and  scission  reactions  of  the  carbon-oxygen  bond  of  the  ether  with  the 
formation  of  phenyl  and  phenoxy-free  radicals.  The  reaction  of  these 
free  radicals  with  diphenyl  ether  explain  most  of  the  chemical  changes 
observed.  The  reaction  of  the  phenyl  radical  at  the  ortho  position  of  the 
diphenyl  ether  results  in  the  formation  of  phenol;  however,  a  small 
amount  of  this  radical  forms  benzene.  The  remainder  of  the  phenyl  radi¬ 
cals  appear  to  react  at  the  meta  and  para  positions  of  the  ether  molecule 
to  form  biphenyl yl  phenyl  ethers.  The  mode  of  the  phenoxy  radical 
reactions  is  less  clear;  however,  they  appear  to  react  with  diphenyl 
ether  to  form  isomeric  diphenoxybenzenes. 

The  rate  of  disappearance  of  diphenyl  ether  decreases  as  the 
radiation  dose  is  increased  and  becomes  nearly  constant  =  0.4-0.  5) 

at  high  doses.  The  ether  consumed  to  form  polymer  increases  as  the 
radiation  dose  is  increased  and  appears  to  become  constant  at  high  doses. 
The  polymeric  material  is  a  glassy  brown  solid  with  a  rather  high 
molecular  weight. 
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RADIOLYSIS  OF  DIPHENYL  ETHER 


I. 


INTRODUCTION 


In  recent  years  considerable  attention  has  been  given  to  the 
potential  uses  of  polyphenyl  ethers.  These  compounds  have  been  shown 
to  be  relatively  stable  at  high  temperatures  (up  to  1000‘’F.  ),  to  resist 
oxidation  and  to  possess  good  lubricating  properties.  They  also  are 
quite  stable  in  radiation  environments.  The  meta-linked  polyphenyl 
ethers  possess  a  rather  wide  liquid  range  and  this,  coupled  with  the 
above  mentioned  properties,  makes  these  compounds  potentially  usable 
as  lubricants  and  as  hydraulic  and  heat  transfer  fluids  in  high  tempera¬ 
ture  and  radiation  environments. 

Previous  work  related  to  the  behavior  of  the  polyphenyl  ethers 
in  radiation  environments  has  been  concerned  primarily  with  ascer¬ 
taining  the  changes  in  properties  such  as  viscosity,  oxidation  stability, 
thermal  stability  and  lubricity.  These  studies  have  shown  that  the 
aryl  ethers  are  quite  stable  toward  radiation.  The  most  significant 
changes  induced  by  radiation  are  those  related  to  viscosity  and  oxida¬ 
tion  stability.  However,  the  latter  is  influenced  to  a  greater  extent  by 
thermal  degradation  than  by  radiolytic  degradation. 

Viscosity  increases  induced  by  radiolysis  are  undoubtedly  the 
result  of  polymerization  reactions  and  appear  to  be  the  most  signifi¬ 
cant  of  the  observed  physical  changes.  None  of  the  work  reported  in 
the  literature  gives  any  indication  of  the  mechanisms  by  which  the  deg¬ 
radation  reactions  occur. 

If  the  more  predominant  mechanisms  responsible  for  the  radi¬ 
olytic  degradation  of  polyaryl  ethers  could  be  ascertained,  then  it 
might  be  possible  to  prepare  ether  compounds  possessing  a  greater 
degree  of  radiolytic  stability  without  sacrificing  other  desirable  prop¬ 
erties  of  the  ethers.  Since  the  polyaryl  ethers  are  rather  difficult  to 
work  with  analytically,  it  was  proposed  that  a  detailed  study  of  diphenyl 
ether  degradation  mechanisms  be  made.  Information  derived  from 
these  studies  could  then  be  used  as  an  indication  of  some  of  the  mecha¬ 
nisms  probably  occurring  in  the  radiolysis  of  the  ether  hbniologs  of  high 
molecular  weight. 


Manuscript  released  by  authors  July  1961  for  publication  as  an  ASD 
Technical  Report 
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The  chemical  literature  is  very  meager  in  regard  to  work 
concerning  the  effects  of  radiation  on  diphenyl  ether.  Kharasch, 
Stampa  and  Nudenberg  have  reported  briefly  some  work  related  to  the 
effects  of  ultraviolet  radiation  on  diphenyl  ether.  The  results  of  this 
work  are  rather  inconclusive. 

Wagner  and  Towle  have  reported  the  effects  of  high-energy 
electron  bombardment  on  diphenyl  ether,  diphenyl  methane,  etc.  This 
work  was  concerned  chiefly  with  the  identification  of  radiolytically 
formed  products.  Components  identified  as  the  result  of  this  work  in¬ 
cluded  hydrogen,  benzene,  phenol,  biphenyl,  a  phenyl  biphenyl  ether, 
and  a  diphenoxybenzene,  in  addition  to  ten  unidentified  high-boiling 
materials.  Further  discussions  of  this  work  will  be  considered  in 
later  sections. 

In  recent  years  Schmidt- Collerus  and  co-workers  at  the  Denver 
Research  Institute  have  conducted  studies  concerning  the  effects  of 
gamma  radiation  on  alkylpolyphenyl  hydrocarbons.®*^  In  a  previous  re^- 
port  from  the  Denver  Research  Institute,  Schmidt-Collerus  and  Bohner 
summarize  the  initial  work  conducted  on  the  radiolysis  of  aryl  ethers.^ 
Parts  of  the  latter  are  incorporated  into  this  report  whenever  related 
to  the  discussions. 
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II,  BACKGROUND  -  PRESENT  CONCEPTS  REGARDING  THE 
RADIATION  CHEMISTRY  OF  AROMATIC  COMPOUNDS 


The  literature  on  the  radiation  chemistry  of  aromatic  compounds 
contains  several  comprehensive  reviews. This  discussion  is 
intended  to  provide  a  general  background  from  which  a  better  understand¬ 
ing  of  the  reported  research  work  can  be  derived. 

The  objective  of  radiation  chemistry  is  to  define  the  processes 
that  cause  observable  changes  when  a  material  is  subjected  to  the  in¬ 
fluence  of  radiation.  Current  concepts  have  tended  to  narrow  the  field 
of  radiation  chemistry  to  the  study  of  processes  resulting  from  high- 
energy  electromagnetic  radiations  and  to  exclude  many  of  the  concepts 
of  photochemistry.  Often  the  latter  exclusion  is  justified;  however,  it 
would  be  rather  difficult  to  stipulate  at  what  energy  of  radiation  the  con¬ 
cepts  of  photochemistry  cease  to  apply  to  the  present  concepts  of  radia¬ 
tion  chemistry. 

O 

Electromagnetic  radiations  below  a  wave  length  of  about  100  A 
are  called  X-rays  or  gamma  rays  depending  upon  their  origin.  The 
energy  of  these  radiations  when  passing  through  matter  can  be  dissi¬ 
pated  in  three  primary  ways;  namely,  pair  production,  Compton  scat¬ 
tering  and  photoelectric  absorption.  These  processes  are  briefly  de¬ 
fined  below: 

(a)  Pair  production  is  the  process  by  which  a  photon  forms  an 
electron  and  a  positive  particle  (positron).  For  this  process  to 
occur,  the  incident  photon  must  possess  at  least  1.  02  Mev.  of 
energy.  If  pair  production  occurs,  the  energetic  electron  and 
positron  lose  their  energy  by  causing  ionization  and  excitation. 

The  position  is  destroyed  by  combination  with  an  electron  to 
give  two  photons  with  an  energy  of  0.  5  Mev.  The  latter  is  des¬ 
ignated  as  annihilation  radiation. 

(b)  Compton  scattering  occurs  when  photons  lose  part  of  their 
energy  by  inelastic  collisions  with  electrons  from  atoms.  The 
ejected  electrons  cause  ionization  and  excitation  while  the  scat¬ 
tered  photon,  though  of  reduced  energy,  undergoes  further 
Compton  scattering  and  energy  reduction  by  photoelectric  ab¬ 
sorption.  Compton  scattering  is  of  primary  importance  when 
gamma  rays  interact  with  materials  of  low  atomic  number. 

When  these  gamma  rays  possess  energy  in  excess  of  1  Mev, 
almost  all  of  the  ejected  electrons  result  from  Compton 
scattering. 
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(c)  Photoelectric  absorption  is  the  process  whereby  the  inci¬ 
dent  photon  is  absorbed  by  an  atom  and  a  fast  electron  is  ejected. 
This  absorption  is  greatest  for  radiation  of  low  energy  interact¬ 
ing  with  material  of  high  atomic  number. 

The  above  processes  are  of  primary  interest  to  the  physicist. 

To  the  chemist,  it  is  the  results  of  these  physical  processes  that  are 
of  interest.  These  processes  lead  to  ionization  and  excitation.  Under 
the  influence  of  high-energy  radiation,  there  is  sufficient  energy  avail¬ 
able  to  cause  the  excitation  or  ionization  of  any  electron  in  the  molecule. 
In  aromatic  liquids  ionization  presumably  can  occur  but  cannot  be  meas¬ 
ured  accurately.  Such  ions,  if  formed,  are  thought  to  be  neutralized  to 
yield  the  parent  molecule  in  an  excited  state.  The  effects  of  radiation 
on  aromatic  molecules,  therefore,  appear  to  result  from  the  action  of 
excited  molecules.  The  excitation  affects  the  entire  molecule  and  if  a 
reaction  is  to  occur  it  may  or  may  not  take  place  in  the  track  of  the  in¬ 
cident  particle. 

The  chemical  effects  produced  in  liquids  during  radiolysis  are 
thought  to  be  initiated  by  two  differently  excited  species.  The  one, 
formed  in  the  primary  ionization  process,  usually  is  in  its  lowest  ex¬ 
cited  state  and  can  diffuse  away  from  the  point  of  formation  either  as 
an  excited  molecule  or  as  a  deactivated  molecule.  Deactivation  occurs 
through  photon  emission  or  dissociation  into  a  free  radical,  the  latter 
resulting  in  a  chemical  reaction.  The  other,  formed  through  a  charge 
neutralization  process,  is  in  a  much  higher  energy  state  than  the  one 
formed  by  direct  excitation  and  decomposes  rapidly  into  radicals  before 
leaving  its  point  of  origin. 

The  excitation  energy  can  be  transferred  from  one  molecule  to 
another.  The  mode  of  energy  transfer  is  controversial  and  any  one  or 
all  of  the  transfer  mechanisms  listed  below  may  contribute  in  a  partic¬ 
ular  system.  This  transfer  of  energy*  may  occur  by: 

^Energy  transfer  should  not  be  confused  with  the  term  "Linear  Energy 

Transfer"  or  LET  which  is  used  frequently  in  describing  the  linear 

density  of  events  occurring  in  a  radiation  track.  LET  effects  need  not 

be  considered  here  since  they  are  dependent  upon  the  type  of  radiation, 

but  it  does  affect  the  amount  and  type  of  yield  products  found  in  the 

14 

radiolysis  of  aromatic  compounds. 


WADD  TR  60-282-Pt.II 


4 


(a)  simple  collision, 

(b)  emission  of  a  photon  which  is  absorbed  by  andther  molecule, 

(c)  inductive  resonance,  or 

(d)  excitation  transfer. 

Excited  molecules,  whether  formed  by  energy  transfer  or  by 
primary  radiation,  can  lose  energy  by  fluorescence  or  internal  conver¬ 
sions  to  give  strongly  vibrating  lower  electronic  states.  The  vibrational 
energy  can  be  lost  by  collisions.  The  excited  species  can  decompose  to 
yield  molecular  products  by  a  unimolecular  process  or  by  reaction  with 
other  excited  species.  Decomposition  to  form  free  radicals  is  also 
possible. 

The  formation  of  free  radicals  and  their  subsequent  reactions 
provide  a  means  of  accounting  for  many  of  the  products  formed  during 
the  radiolysis  of  aromatic  liquids.  Since  free- radical  mechanisms  can 
account  for  many  of  the  products  formed  in  the  condensed  state,  it  is 
logical  to  assume  that  the  actual  rate  of  radical  formation  is  much 
greater  than  that  indicated  by  any  of  the  methods  used  for  the  detection 
of  free  radicals.  The  highly- reactive  radicals  can  recombine  within  the 
solvent  cage  (environment  of  immediate  reaction),  thus  leading  to  no  ob¬ 
servable  reaction.  This  is  known  as  the  Franck-Rabinowitch  effect.  The 
more  energetic  or  less  reactive  radicals  can  escape  from  the  cage  and 
thus  can  enter  into  observed  reactions. 

In  the  rigid  structure  of  the  solid  state  the  Franck-Rabinowitch 
effect  is  reduced  and  the  identification  and  quantitative  measurement  of 
free-radical  formation  is  possible  with  electron  spin  resonance  tech¬ 
niques  and  ultra-violet  absorption  spectroscopy.  The  Franck-Rabinowitch 
effect  is  more  operative  in  the  liquid  state,  thus  making  it  impossible  to 
measure  the  total  degree  of  radical  formation  by  these  or  other  methods; 
however,  methods  are  available  whereby  the  radicals  escaping  from  the 
solvent  cage  can  be  detected  and  quantitatively  measured.  These  methods 
utilize  either  the  effects  of  the  radicals  formed  on  the  polymerization 
of  certain  monomers  or  the  radical- combination  reactions  of  such  ma= 
terials  as  diphenylpicrylhydrazil  (DPPH)  or  iodine  and  are  known  as 
radical- scavenger  techniques. 

The  chemistry  of  many  free-radical  reactions  is  quite  well  under¬ 
stood,  Many  radiation-produced  radicals  can,  however,  possess  excess 
energy  ("hot  radicals")  which  results  in  a  high  energy  of  activation.  These 
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radicals  can  undergo  reactions  which  do  not  normally  occur.  Also, 
the  radiation-produced  radicals  can  be  formed  in  high  concentrations 
in  localized  areas  along  the  radiation  track.  This  can  result  in  product 
distributions  considerably  different  from  those  expected  in  normal  radi¬ 
cal  reactions. 

Since  analytical  techniques  are  unable  to  distinguish  between 
products  formed  from  "hot  radicals"  and  the  products  formed  from 
"normal  radicals"  and  also  between  those  formed  in  localized  high-con- 
centration  areas  and  those  formed  in  more  diffused  radical- concentra¬ 
tion  areas,  specific  reaction  rate  constants  derived  from  the  analysis 
of  products  produced  by  an  irradiation  may  or  may  not  provide  infor¬ 
mation  regarding  the  actual  radiolysis  mechanisms.  Such  information 
would  be  enlightening  as  far  as  the  overall  degradation  mechanism 
rates  are  concerned;  however,  it  would  leave  completely  obscure  any 
detailed  description  of  intermediate  processes  that  occur.  Any  mecha¬ 
nism  derived  solely  from  kinetic  considerations  could  very  easily  lead 
to  erroneous  mechanistic  conclusions.  Therefore,  the  most  logical 
approach  for  ascertaining  the  mechanisms  responsible  for  the  observed 
chemical  changes  in  an  aromatic  system  is  the  non  kinetic  approach  com¬ 
bined  with  certain  thermodynamic  and  kinetic  considerations  such  as 
bond  energies,  radical  reactivities  and  parameters  which  affect  the 
nature  of  the  radiation  environment,  i.  e.  dose,  dose  rate,  LET,  tem¬ 
perature,  etc.  Wherever  possible  a  postulated  reaction  mechanism 
should  be  investigated  independently  of  the  radiation  environment. 

Before  proceeding  further  into  some  aspects  of  free  radical 
behavior  and  radiation  kinetics,  a  brief  summation  of  the  foregoing 
discussion  is  in  order.  Radiation  energy  absorbed  by  an  aromatic 
system  results  in  the  formation  of  excited  molecules  and  free  radicals 
which  are  responsible  for  the  production  of  many  of  the  yield  products. 
These  yield  products  can  result  from  bond  scissions,  molecular  rear¬ 
rangement  (or  reactions  involving  the  excited  molecules  and  radical 
combination),  radical  attack  reactions,  or  radical  induced  chain  reac¬ 
tions  of  the  radiolytically  produced  free  radicals.  The  formation  of  the 
initial  reactive  species  can  be  depicted  by  the  following  reactions: 


A 


+ 


A  - W - ►  A* 

A  . -» 

+  e  ■»'  A* 


radicals,  rearrangement 
products,  etc. 

a  =  primary  process 
b  =  secondary  process 
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An  electron  produced  by  Compton  scattering  from  1  Mev.  photon  can 
result  in  the  excitation  of  more  than  30,  000  molecules.  The  energy 
of  the  1  Mev.  photon  is  in  the  order  of  23  X  10^  kcal.  /mole  which  is  far 
in  excess  of  chemical  bond  energies.  These  figures  show  that  for  Co^° 
gamma  photons,  which  have  energies  of  1.  17  and  1.  33  Mev.  ,  if  all  the 
radiation  energy  were  absorbed,  very  much  damage  to  a  molecule  would 
result.  Complete  energy  absorption  does  not  occur  and  much  of  the 
energy  absorbed  by  the  molecule  is  dissipated  by  various  processes 
without  damage. 

Free-radical  reactions  play  important  roles  in  many  types  of 
chemical  reactions.  The  bond-fission  responsible  for  radical  forma¬ 
tion  (homolytic  cleavage)  can  be  depicted  as:  A:B  - *•  A«  +  B*  and  is 

distinguished  from  heterolytic  cleavage  as  thus:  A:B  ■  *A~  +  B"*". 
Energetically,  homolytic  cleavage  should  be  favored  over  heterolytic 
cleavage.  Often,  however,  solvent  effects  tend  to  promote  the  latter. 
Generally,  there  are  two  classes  of  organic  free  radicals: 

(a)  those  stabilized  by  resonance  which  possess  a  relatively 
long  life  such  as  triarylmethyls,  and 

(b)  those  not  or  only  partially  stabilized  by  resonance  which 
are  short  lived,  such  as  phenyl  and  methyl. 

After  a  radical  is  formed  in  solution  it  can  react  in  various 
ways  depending  upon  the  activity  of  the  radical  and  the  sensitivity  of 
the  solvent  toward  radical  attack.  As  seen  in  Table  1  the  sensitivity 
of  various  aromatic  compounds  toward  phenyl -radical  attack  varies 
considerably.  Many  radical  reactions  in  aromatic  systems  may  pro¬ 
ceed  through  the  formation  of  complexes  which  decompose  or  rearrange 
to  form  stable  products.  In  the  data  it  should  be  observed  that  ortho  and 
para  substitution  in  the  aromatic  solvent  molecule  predominates  over 
meta  substitution.  This  correlates  with  the  expected  resonance  stabi¬ 
lization  of  the  radicals. 
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TABLE  1 


RELATIVE  REACTIVITY  AND  ISOMER  DISTRIBUTION  FOR  THE 
REACTION  OF  SOME  AROMATIC  COMPOUNDS  WITH  PHENYL 
RADICALS  DERIVED  FROM  BENZOYL  PEROXIDE 


Relative 

Isomer 

Distribution 

Compound 

Reactivity 

%  ortho 

%  meta 

%  para 

Ref. 

Benzene 

1.  00 

—  . 

Anisole 

1.  2 

67 

18 

15 

18,  19 

Toluene 

1.9 

71 

17 

12 

20 

Ethylbenzene 

50 

25 

25 

21 

Biphenyl 

4 

48.  5 

23 

28.  5 

22 

Naphthalene 

23.  9 

— 

-  - 

23 

It  has  been  suggested^^  that  the  formation  of  radicals  by  the 
decomposition  of  benzoyl  peroxide  in  aromatic  systems  proceeds  by 
one  or  more  of  the  reactions  indicated  below  (R  =  0 '  or  0COO-)*: 


R* 

.Q- 

9 

t 

(1) 

R* 

+  0- 

O’ 

(2) 

R- 

.  0- 

(3) 

Reactions  1  and  2  are  not  probable  since  they  would  be  endo¬ 
thermic.  Reaction  3  parallels  the  reaction  of  halogens  with  benzene 
and  the  addition  of  methyl  radicals  to  aromatic  nuclei.  The  energetics 
involved  in  reaction  3  are  not  known.  The  path  by  which  the  product  of 
reaction  3  is  stabilized  is  conjectural;  however,  a  disproportionation 
reaction  4  is  plausible. 


*These  mechanisms  are  included  here  because  of  their  similarity  to 
later  proposed  mechanisms  occurring  in  the  radiolysis  of  diphenyl 
ether. 
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Another  reaction  (5)  has  also  been  postulated  to  account  for  the  ob¬ 
served  products. 


If,  during  irradiation,  chemical  bonds  are  to  be  broken,  the 
weakest  bonds  should  be  the  ones  that  are  broken  first  and  at  a  faster 
rate;  this  is  observed  indeed  in  the  radiolysis  of  aliphatic  hydrocar¬ 
bons.  For  aromatic  hydrocarbons,  however,  the  effects  of  bond- energy 
differences  are  not  so  pronounced.  If  an  aromatic  molecule  contains 
bonds  other  than  C-C  and  C-H,  then  the  energy  of  these  bonds  may  be 
of  significance  in  the  radiolysis  degradation  mechanisms.  In  Table  2 
are  listed  some  of  the  commonly  accepted  energies  for  bonds  which 
should  be  considered  in  the  degradation  of  the  aryl  ethers.  These  data 
will  be  considered  in  greater  detail  in  a  later  section. 

TABLE  2 

BOND  ENERGY  IN  KCAL.  /MOLE  (298.  1  °K) 


Bond 

Energy 

Ref. 

C-C  (aromatic) 

91 

26 

0=0  (aliphatic) 

146.4 

26 

C-C 

80 

26 

C-O 

85 

26 

O-H 

110.  5 

26 

:C-H 

101. 6 

26 

0-0  (peroxide) 

35 

26 

0-H 

105 

27 

0-H 

102 

28 

0-OH 

96 

27 

0-  OH 

107 

28 
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Predictions  related  to  the  magnitude  of  bond  scissions  occurring 
in  a  reaction  based  on  bond  energies  alone  should  be  made  with  caution 
since  in  free-radical  reactions  it  is  possible  for  Rice-Herzfeld  mecha-^^ 
nisms  to  occur. These  mechanisms  show  how  an  experimental  acti¬ 
vation  bond  energy  for  a  bond  dissociation  can  be  much  less  than  the  pre¬ 
sumed  dissociation  energy  for  the  bond. 

Radiolysis  of  aliphatic  liquid  hydrocarbons  results  in  the  forma¬ 
tion  of  rather  larger  quantities  of  gaseous  products,  considerable 
amounts  of  liquids  of  lower  molecular  weight  and  some  polymeric  mate- 
rial  usually  of  a  molecular  weight  in  the  order  of  the  dimer.  For¬ 

mation  of  these  products  has  generally  been  attributed  to  the  action  of 
radiolytically  produced  free  radicals  which  are  stabilized  by  various 
radical- combination  reactions  and  radical  reactions  with  the  target 
compound.  The  free-radical  yield  in  the  radiolysis  of  aliphatic  hydro¬ 
carbons  is  in  the  region  of  G*  =  6-9.^^ 

In  the  radiolysis  of  aromatic  hydrocarbons  the  yield  of  free 
radicals  is  generally  less  than  G  =  1.  The  yield  of  gaseous  products 
is  also  very  much  reduced  as  compared  to  the  gas  yield  from  the  ali¬ 
phatic  hydrocarbons.  This  indicates  a  greater  stability  of  aromatic 
compounds  toward  radiolysis,  especially  with  respect  to  scission  reac¬ 
tions  involving  the  aromatic  ring.  Aromatic  compounds  do  not,  however, 
show  resistance  to  attack  by  free  radicals,  and  as  a  result,  form  con¬ 
siderable  amounts  of  polymeric  material  upon  irradiation.  The  G-values 
for  conversion  of  some  aromatic  hydrocarbons  to  polymers 
are  listed  in  Table  3.^^ 


TABLE  3 


CONVERSION  OF  AROMATIC  HYDROCARBONS 

TO  POLYMERIC  RESIDUES 

Compound 

-Gm 

Benzene 

0,  75-0.  98 

Toluene 

0.  92-1.  28 

Polyphenyls 

0.  05-0.5 

*  The  G  value  is  the  number  of  a  species  appearing  or  disappearing  per 
100  ev.  of  absorbed  energy. 

**"Gm  will  be  used  in  this  report  to  designate  the  number  of  target  mole¬ 
cules  disappearing  per  100  ev.  of  energy  absorbed. 
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The  mechanism  by  which  polymerization  occurs  is  only  specu¬ 
lative;  however,  arguments  have  been  advanced  supporting  the  following 
plausible  reactions  for  benzene  polymerization. 

CfeHfi - ^  *  C6H6* ►CfeHs’+H- 

C6H6  +  H’  - ►  CeUr 

+  R‘  — RC^Hfc  •  etc. 

CfeHfe*  =  excited  state  benzene 

R  =  H,  C6H6  or  C6H7 

The  above  reaction  sequence  is  important  in  showing  that  ex¬ 
cited  states  of  the  target  aromatic  material  may  be  involved  directly 
in  the  polymer  formation  reactions. 

The  radiolysis  of  mixtures  of  aromatic  compounds  with  other 
compounds  has  provided  evidence  for  energy  transfer  phenomena.  The 
hydrogen  yield  from  the  cyclohexane-benzene  system  has  been  studied 
extensively  in  these  energy  transfer  phenomena. The  pres¬ 
ence  of  benzene  (even  in  very  small  concentrations)  in  cyclohexane 
reduces  considerably  the  formation  of  hydrogen  during  radiolysis. 
Energy  absorbed  by  the  cyclohexane  is  apparently  transferred  to  the 
benzene  in  quantities  sufficient  to  retard  the  formation  of  hydrogen 
from  the  cyclohexane.  This  transfer  is  known  as  the  "sponge-type" 
protection. 

The  subject  of  energy  transfer  in  radiation  environments  is 
only  in  its  infancy  and  much  is  yet  to  be  learned  regarding  the  mecha¬ 
nisms  by  which  the  phenomenon  occurs.  Such  mechanisms  may,  how¬ 
ever,  provide  a  basis  for  explaining  such  phenomena  as  decreased 
yield  rates  with  increased  doses  during  radiolysis.  The  formation  of 
materials  capable  of  receiving  transferred  energy  without  themselves 
being  degraded  may  cause  a  reduction  in  the  yield  rate  of  initially 
formed  radiolysis  products.  For  example,  most  of  the  product  G 
values  from  the  radiolysis  of  cyclohexane  decrease  with  increasing 
dose.  No  information  regarding  the  fate  of  the  "protector"  in  such 
a  system  is  known. 


WADD  TR  60-282-Pt.II 


11 


III.  GENERAL  RESEARCH  APPROACH  TO  DIPHENYL  ETHER 
DEGRADATION  MECHANISMS 

A.  Introduction 


With  the  preceding  background  related  to  changes  observed  during 
the  radiolysis  of  an  aromatic  liquid,  it  would  seem  plausible  that  experi¬ 
ments  from  which  a  degradation  mechanism  is  to  be  derived  must  yield 
the  following  information: 

(a)  identification  of  yield  products  and  a  quantitative  measure 
of  their  concentration, 

(b)  parameters  that  would  effect  the  rate  of  product  formation  or 
the  type  of  products  formed,  such  as  dose,  dose  rate,  sample 
size,  temperature  of  irradiation,  and  effect  of  additives,  etc.  , 
and 

(c)  identification  of  possible  precursors  to  the  individual  yield 
products  and  a  quantitative  measure  of  the  rate  of  intermediate 
formation.  Where  possible,  the  reactions  of  these  intermediates 
should  be  studied  in  the  absence  of  radiation. 

In  order  to  obtain  usable  data  from  experiments  designed  to  give 
the  above  information  considerable  effort  had  to  be  devoted  to  the  de¬ 
velopment  of  analytical  techniques.  A  discussion  of  the  nlore  important 
analytical  techniques  used  in  this  research  program  is  given  in  Appendix 
A.  The  analytical  methods  investigated  and/or  used  are  listed  below: 

(a)  gas  chromatography  (GC)  -  at  column  temperatures  below 
220“C.  , 

(b)  high  temperature  gas  chromatography  (HTC)  -  at  column 
temperatures  above  220 "C.  , 

(c)  infrared  spectroscopy  (IR), 

(d)  ultraviolet  spectroscopy  (UV), 

(e)  visible  spectroscopy, 

(f)  total  acid  titration, 

(g)  visible  spectroscopy,  (for  total  phenol) 

(h)  dilatometry. 
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(i)  countercurrent  distribution  {CCD), 

(j)  micro  molecular  weight  determination, 

(k)  micro  sublimation, 

(l)  free-radical  scavenging  (using  iodine  and  diphenylpicryl- 
hydrazil  (DPPH), 

(m)  refractometry , 

(n)  viscometry, 

(o)  evaporation  methods,  (for  total  polymer) 

(p)  column  absorption  chromatography, 

(q)  color  reactions  and  spot  tests. 

B.  Irradiation 

A  description  of  the  Denver  Research  Institute  Co^®  source  is 
given  in  Appendix  B.  Source  calibration  methods  are  also  included  in 
this  Appendix.  Unless  otherwise  noted  in  the  tables  of  data,  the  dose 
rate  for  irradiations  was  about  5  X  10®r.  /hr. 

C.  Chemicals 


All  the  chemicals  used  in  the  radiolysis  studies  are  listed  in 
Appendix  C.  Where  available,  the  physical  properties  and  purity  of 
these  compounds  are  also  listed. 

D. _ Irradiation  Technique 


Most  of  the  samples  were  prepared  for  irradiation  in  either 
50  ml.  or  2  ml.  pyrex  cells.  Unless  otherwise  stated  the  data  in  the 
tables  were  obtained  from  2  ml.  irradiated  samples  contained  in  10 
mm.  O.  D.  cells.  The  samples  were  deaerated  by  repeated  freezing 
while  under  continuous  pumping, 

E.  General  Analytical  Technique 

After  irradiation  the  samples  were  subjected  to  the  particular 
analysis  most  suited  to  ascertaining  the  objective  of  the  experiment. 

The  various  concentrations  of  yield  components  were  usually  determined 
and  calculated  in  terms  of  G  values. 
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IV. 


EXPERIMENTAL  -  RADIOLYSIS  STUDIES  OF  DIPHENYL 
ETHER 


A. _ High  Dose  Irradiations  of  Diphenyl  Ether 

In  order  to  ascertain  the  effects  of  radiation  on  diphenyl  ether 
and  to  have  sufficient  quantities  of  the  irradiated  ether  available  for 
development  of  analytical  methods,  several  ether  samples  were  irra¬ 
diated  to  rather  high  doses.  These  samples  were  analyzed  by  various 
methods  to  determine  the  quantity  and  nature  of  the  yield  products. 

Table  4  shows  some  of  the  gas  chromatographic  data  obtained  from 
these  irradiations  and  the  product  identification  derived  from  these 
data.  The  high-boiling  yield  products  definitely  identified  by  reten¬ 
tion  time  comparison  with  authentic  materials  are: 

(a)  o-diphenoxybenzene 

(b)  m-diphenoxybenzene 

(c)  p-diphenoxybenzene 

(d)  4-biphenylyl  phenyl  ether 

(e)  bis  m- phenoxyphenyl  ether 

(f)  bis  p- phenoxyphenyl  ether 

Two  other  components  were  tentatively  identified  as  o-  and  p- 
phenoxyphenol . 

Yield  products  boiling  lower  than  diphenyl  ether  were  hydrogen, 
a  small  amount  of  carbon,  monoxide,  benzene  and  phenol. 

Table  5  lists  the  yield  values  calculated  from  the  gas  chromato¬ 
graphic  analysis  of  a  typical  high-dose  irradiated  sample.  Calculations 
from  these  data  show  that,  based  on  the  total  amount  of  diphenyl  ether 
destroyed  by  the  radiolysis,  only  a  little  more  than  10%  of  the  destroyed 
ether  can  be  accounted  for  in  the  yield  products  detectable  by  gas  chro-^ 
matography.  These  data  indicate  that  a  great  part  of  the  degraded  ether 
goes  to  form  polymeric  material  of  molecular  weight  greater  than  358; 
this  corresponds  to  the  molecular  weight  of  a  bis[ phenoxyphenyl]  ether. 
The  fact  that  considerable  polymeric  material  is  formed  can  be  observed 
in  Figure  1  and  also  Table  6,  which  show  the  relation  of  viscosity  change 
for  diphenyl  ether  to  dose  of  irradiation.  The  relation  of  the  viscosity 
change  at  100 “F.  to  the  change  of  ZIO'F.  indicates  that  the  radiation- 
formed  polymer  must  have  a  rather  high  ASTM  viscosity  slope  which  is 
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Diphenyl  ether  irradiated  to  0.  755  X  10^^  (100  ev)  at  100°C,  ,  50  ml.  samples. 
Diphenyl  ether  irradiated  to  1 .  37  X  10^^  (100  ev)  at  29°C.  ,  50  ml.  samples. 
Detected  radiolysis  components  tentatively  identified  as  o.rand  p-phenoxyphenol. 
This  peak  identified  in  subsequent  analysis  as  4-Biphenylyl  phenyl  ether. 


150 


39NVH0  A1ISOOSIA% 
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Figure  1.  Relation  of  Viscosity  Change  in  Diphenyl  Ether  to  Total  Radiation  Dose, 


characteristic  of  the  aryl  ethers  and  aromatic  hydrocarbons.^  This 
polymer,  when  removed  from  both  the  solvent  and  most  of  the  relatively 
low-boiling  irradiation  products  is  a  glassy  brown  solid  at  room  temper¬ 
ature.  A  fraction  of  the  polymeric  material,  separated  on  an  absorption 
column,  was  found  to  have  a  number  average  molecular  weight  of  17, 000. 

Several  attempts  were  made  to  fractionate  the  high-dose  irradi¬ 
ated  ether  in  order  to  characterize  the  yield  products  not  detectable  by 
gas  chromatographic  techniques.  Investigations  of  readily  available 
solvent  systems  applicable  to  countercurrent  distribution  separations  did 
not  indicate  a  probability  of  fractionating  th«  radiation-produced  polymer. 
Column  absorption  chromatography  did  accomplish  some  separation 
although  no  distinct  fractions  were  obtained.  Table  7  describes  the  col¬ 
lected  fractions  after  solvent  evaporation  and  infrared  examination. 

It  is  apparent  from  these  observations  that  all  fractions  are  mix¬ 
tures  of  compounds  of  varying  molecular  structures.  A  portion  of  the 
combined  fractions  82-114  and  221-247  was  placed  in  a  high  temperature 
gas  chromatograph  at  320  °C.  column  temperature.  The  fact  that  no 
components  were  detected  indicated  (a)  thermal  decomposition  of  the 
sample,  (b)  insufficient  quantity  of  a  particular  component  for  detection, 
or  (c)  the  presence  of  an  extremely  high-boiling  material  equal  to  or 
larger  than  a  five  phenyl  ether.  Of  these,  (c)  appeared  to  be  the  most 
probable . 

A  portion  of  the  82-114  fraction  was  placed  in  a  micro- sublima- 
tion  apparatus  similar  to  that  described  by  Melhuish.  A  helium  flow 
of  about  10  ml.  /min.  was  maintained  in  the  apparatus.  The  material 
did  not  move  from  the  hot  zone  at  320  "C.  The  temperature  of  the  hot 
zone  was  then  raised  to  420  °C.  At  this  temperature  a  small  amount  of 
material  moved  down  the  column;  the  remainder  did  not  move  and  par¬ 
tially  charred  after  one  hour  in  the  apparatus.  This  again  indicated  a 
very  high-boiling  material  of  relatively  high  molecular  weight. 

The  fraction  221-247  contained  a  material  that  readily  sublimed 
from  the  bulk  of  the  fraction.  This  material,  a  white  solid,  was  very 
probably  p-phenylphenol.  It  gave  the  same  color  reactions  as  p-phenyl- 
phenol  and  melts  sharply  at  162  "C.  (uncorr.  )  p-phenylphenol  melted 
at  165°C.  ~ 

The  total  weak-acid  concentration  of  this  irradiated  ether  was 

determined  by  the  non-aqueous  titration  methods  described  by  Cundiff 
44 

and  Marcunas.  A  value  of  1.  32  X  10”  equivalents  of  weak  acid  per 
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221  -  247  Brown  viscous  oil,  Aromatic  ether,  1:4 -aromatic  substitution 

phenolic  odor  when  hot  some  l:3-aromatic  substitution,  OH 


gram  of  irradiated  ether  was  found.  If  this  were  all  phenol  it  would 
be  equivalent  to  1.  22%  phenol  in  the  ether.  Gas  chromatography  indi¬ 
cated  0.  57%  (wt.  )  of  the  irradiated  ether  to  be  phenol.  The  remainder 
of  the  weakly  acidic  constituents  must  be  higher  molecular  weight  phenols, 
such  as  the  p-phenylphenol,  o-  and  p-phenoxyphenols ,  and  other  acidic 
materials  which  were  indicated  in  the  infrared  spectra  of  the  chroma¬ 
tographed  fractions. 

A  rather  extensive  spectral  examination  of  an  unfractionated 
irradiated  diphenyl  ether  was  made.  The  types  of  molecular  changes 
observed  as  the  result  of  irradiation  are  presented  below.  The  changes 
are  very  similar  to  those  observed  in  the  column-fractionated  irradiated 
diphenyl  ether  (see  Table  7). 

The  infrared  differential  spectrum  of  diphenyl  ether  and  the 
irradiated  ether  exhibits  difference  bands  for  hydroxyl  (3700  cm”^), 
aromatic  and  aliphatic  hydrogen  (3050  and  2950  cm  “^).  This  spectrum 
and  those  of  the  pure  and  irradiated  diphenyl  ether  are  given  in  Figure 
2. 


Phenol  was  identified  by  gas  chromatography  and  presence  of 
phenolic  compounds  was  confirmed  by  the  OH  stretch  and  by  the  OH 
deformation  at  1360  crn’  ,  which  are  the  strongest  of  the  observed 
difference  bands. 

Aliphatic  compounds  were  indicated  by  the  CH  stretch,  and  defor¬ 
mations  at  2950  and  1465  cm“^.  Some  confirmation  existed  around  1400 
and  at  730  cm“\  though, these  bands  were  very  weak. 

Olefinic  bonds  absorb  weakly  at  about  1650  and  965  cm”',  though 
the  spectrum  is  too  weak  for  positive  identification. 

The  region  from  1580  to  1800  cm"'  possessed  a  number  of  over¬ 
lapping  bands,  one  or  more  of  which  could  be  due  to  carbonyl;  the  as¬ 
signments  in  this  region  must  be  regarded  as  inconclusive. 

Difference  bands  at  1160,  1140,  1065,  1030  cm”'  might  be 
ascribed  to  differences  in  aromatic  structures  due  to  such  compounds 
as  benzene  or  to  such  phenomena  as  polymerization  of  the  parent  com¬ 
pound  to  one  or  more  dimer,  trimer,  or  higher  polymeric  groups  of 
compounds.  The  band  at  86O  cm"'  may  indicate  para- substituted  phenyl 
nuclei,  indicating  linking  of  phenyl  groups  of  the  parent  compound  at 
the  para  position  into  polymer  chains. 
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Strongest  of  the  difference  bands  in  the  near-infrared  region 
occur  at  2.  88,  2.  82,  2.  12,  and  1. 44  microns  as  shown  in  Figure  3.  The 
first  two  are  due  to  free-  and  associated-hydroxyl-hydrogen- stretching 
vibrations  and  the  band  at  1.  44  microns  is  the  first  overtone  of  the  free- 
OH  stretching  mode.  One  can  therefore  suspect  the  presence  of  phenolic 
and/or  alcoholic  compounds. 

The  remaining  difference  bands  show  the  presence  of  aromatic 
hydrogen,  and  most  important  aliphatic  hydrogen  (confirmed  in  the 
infrared)  including  methyl,  methylene,  and  olefinic  hydrogen.  This 
suggests  the  rupture  of  some  of  the  aromatic  rings,  forming  both  satu¬ 
rated  and  unsaturated  fragments. 

It  was  desirable  to  eliminate  those  difference  bands  due  to  com¬ 
pounds  already  identified  in  the  irradiated  diphenyl  ether.  Phenol  had 
been  identified  by  gas  chromatography;  therefore,  a  synthetic  mixture 
of  phenol  in  diphenyl  ether  was  prepared  and  a  differential  spectrum  re¬ 
corded  as  shown  in  Figure  4.  As  a  result  of  this  spectrum  one  can  at¬ 
tribute  for  the  difference  bands  at  3.  00,  2.  88,  2.  82,  2.  12,  2.  05,  1. 99, 

1. 94,  1.  90,  and  1.44  microns  to  phenol.  These  are  indicated  by  the 
small  letters  "ph"  on  the  differential  spectrum  of  the  irradiated  diphenyl 
ether  in  Figure  3.  Calculation  of  the  phenol  concentration  in  irradiated 
diphenyl  ether  from  the  synthetic  mixture  gave  a  phenol  content  of  0.  8% 
which  compared  favorably  with  the  0.  9%  found  by  gas-chromatographic 
methods  for  this  ether  sample. 

It  is  of  interest  to  note  that  dilute  phenol  solutions  in  non-polar 
solvents  show  major  OH  absorptions  at  1. 42,  2.  76,  and  2.  85  microns 
(7050,  3622,  and  3514  cm“^),  the  latter  two  being  free-  and  associated- 
hydrogen  stretching  modes.  However,  when  phenol  is  dissolved  in 
diphenyl  ether,  these  bands  shift  to  lower  frequencies,  6940,  3546,  and 
3472  cm“^  respectively,  indicating  hydrogen  bonding  between  the  phenol 
and  diphenyl  ether  rather  than  bonding  between  phenol  molecules. 

The  above  spectral  investigations  concerning  the  partially 
fractionated  ether  and  the  ether  direct  from  irradiation  are  signifi¬ 
cant  as  they  show  that  the  radiolysis  of  diphenyl  ether  causes  some 
cleavage  or  saturation  of  the  aromatic  rings  to  form  molecular  frag¬ 
ments  of  aliphatic  character  and  trace  amounts  of  carbonyl  structures. 
Of  greater  significance,  however,  was  the  observation  that  1:  3  and  1:4 
aromatic  substitution  had  occurred  during  radiolysis  and  this  was  inter¬ 
preted  to  indicate  that  the  polymeric  material  formed  was  predominantly 
meta  and  para  substituted. 
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Figure  3.  Near  Infrared  Spectra  of  Irradiated  and  Pure  Diphenyl  Ether. 
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Further  observations  regarding  the  nature  of  the  polymeric 
material  and  its  yield  will  be  included  in  subsequent  sections. 

B.  Establishment  of  Dose  Ranges  for  Radiolysis  Mechanism  Studies 


In  order  to  determine  the  mechanisms  by  which  a  material  is 
degraded  during  radiolysis  the  investigations  'should  be  conducted  at 
absorbed  doses  as  low  as  is  feasible  analytically.  Higher  radiation 
doses  increase  the  concentration  of  yield  products  and  as  the  concentra¬ 
tion  increases  these  yield  products  may  enter  into  reactions  competing 
with  the  primary  degradation  steps.  In  the  irradiations  of  diphenyl  ether 
to  high  doses,  rather  significant  changes  in  viscosity  were  observed 
(Figure  1)  and  these  changes  were  attributed  to  the  formation  of  polymeric 
materials.  The  formation  of  these  materials  should  be  detectable  as 
changes  in  the  density  of  the  ether  during  radiolysis.  Consequently  a 
sensitive  dilatometer  was  constructed  (see  Appendix  A)  and  relative 
changes  in  the  density  of  the  diphenyl  ether  during  radiolysis  were  ob¬ 
served.  The  results  of  this  study  are  shown  in  Figure  5.  It  would  be 
expected  that  reactions  in  which  a  greater  number  of  molecules  are 
formed  than  the  number  originally  present  in  the  dilatometer  (scission 
reactions)  would  cause  a  decrease  in  density  or  an  increase  in  the  vol¬ 
ume  required  to  contain  the  material.  Polymerization  reactions  would 
cause  the  opposite  effect.  The  data  plotted  in  Figure  5,  therefore,  can 
be  interpreted  as  follows: 

(a)  At  absorbed  doses  up  to  30  X  lO'®  100  ev.  (A-B)  the  pre¬ 
dominant  effect  is  a  decrease  in  the  solution  density  which  must 
result  from  scission  reactions. 

(b)  At  doses  greater  than  80  X  10*®  100  ev.  (C-D)  the  density  of 
the  solution  increases  rapidly,  showing  that  a  polyme Azation  re¬ 
action  is  occurring  and  is  affecting  the  solution  density  at  a  much 
greater  rate  than  the  scission  reactions. 

(c)  In  the  intermediate  dose  range  (B-C)  the  scission  and  poly¬ 
merization  reactions  must  be  occurring  simultaneously  and  at 
such  competing  rates  as  to  have  very  little  overall  effect  on  the 
density  of  the  solution. 

It  was  found  that  gas  chromatography  can  detect  and  quantitatively 
measure  the  formation  of  benzene  and  phenol  at  absorbed  doses  less  than 
30  X  10  100  ev.  Since  the  effects  of  cell  geometry  and  sample  volume 

on  the  rate  of  product  formation  were  not  known  and  since  the  analytical 
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Figure  5.  Dilatometer  Studies  of  Diphenyl  Ether 


techniques  were  sufficiently  sensitive  for  product  analysis,  it  was 
arbitrarily  decided  to  consider  absorbed  doses  of  20  X  10^®  100  ev.  or 
less  to  be  the  low  dose  region  and  to  assume  that  in  this  region  only 
scission  reactions  were  occurring  predominantly.  It  is  known,  however, 
that  polymerization  is  also  occurring  in  this  dose  region,  but  it  is  not 
considered  to  be  the  major  reaction  (see  later  sections).  Absorbed 
doses  in  the  region  of  20-80  X  10*®  100  ev.  were  considered  intermediate 
doses  and  any  dose  greater  than  this  range  was  classed  as  a  high-dose 
irradiation. 

C.  Low-Dose  Irradiations  of  Diphenyl  Ether 


Since  the  primary  degradation  processes  are  most  likely  to  occur 
in  the  low-dose  region  without  significant  interference  from  competing 
reactions  of  yield  products,  several  parameters  that  might  affect  the  deg¬ 
radation  mechanism  were  investigated.  To  study  the  possible  effects  of 
varying  parameters  on  the  radiolysis  mechanisms  it  was  decided  to  use 
the  yield  of  phenol  as  a  measure  of  these  effects.  The  physical  parameters 
that  would  most  likely  affect  the  radiolysis  mechanisms  or  reaction  rates 
are  sample  size,  dose  rate  and  temperature  of  irradiation.  Experiments 
to  ascertain  these  affects  are  described  below. 

1.  Effect  of  Sample  Size  on  Phenol  Yield 

The  Denver  Research  Institute  Co^®  source  has  a  region  of  about 
two  inches  in  height  in  which  the  radiation  flux  is  quite  uniform.  If  one 
maintains  the  sample  height  constant  and  varies  the  sample  diameter, 
the  effective  path  length  of  an  irradiation  track  can  be  varied.  Several 
irradiations  were  made  in  sealed  vials  with  0.  5  and  1.  0  cm.  diameters 
which  when  filled  to  equal  heights  contained  1.  0  and  4.  0  ml.  respectively. 
These  samples  were  irradiated  to  equal  doses  (not  equal  times)  and  the 
phenol  concentration  was  determined  by  gas  chromatography.  The  data 
plotted  in  Figure  6  show  that  the  rate  of  phenol  formation  increases  with 
sample  thickness.  The  slopeof  curveA  (the  thicker  sample)  is  0.213 
which  is  equal  to  For  curve  B  the  slope  is  0.  168.  The  total 

number  of  phenol  molecules  formed  is  also  greater  in  the  thicker  sample 
thus  indicating  that  increasing  the  radiation  track  length  increases  the 
amount  of  phenol  produced  per  unit  of  absorbed  energy.  This  is  indica¬ 
tive  also  that  the  processes  responsible  for  initiation  of  phenol  formation 
mechanisms  must  occur  in  or  very  near  the  radiation  track. 
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2,  Effect  of  Dose  Rate  on  Phenol  Yield 

Several  irradiations  of  diphenyl  ether  to  nearly  equivalent  total 
doses,  but  at  irradiation  rates  of  5.  2  X  10®  r.  per  hour  and  1.6  X  10®  r. 
per  hour,  were  made.  The  phenol  concentration  was  determined  by  gas 
chromatography  and  by  spectrophotometry.  The  data  from  these  analyses 
are  plotted  in  Figure  7.  Curves  A  and  B  (the  higher  dose-rate  curves) 
are  of  particular  interest  and  significance.  It  was  established  that  both 
analytical  methods  give  the  same  result  in  determining  the  phenol  con¬ 
centration  in  diphenyl  ether  solutions  containing  known  amounts  of  phenol. 
Since  the  spectrophotometric  analysis  of  the  irradiated  ethers  will  meas¬ 
ure  the  total  phenolic  hydroxyl  concentration  and  the  gas  chromatographic 
analysis  determines  only  the  phenol  concentration,  the  differences  in  con¬ 
centration  exhibited  by  curves  A  and  B  must  be  due  to  phenolic  materials 
other  than  phenol.  These  data,  therefore,  indicate  that  phenolic  materials 
other  than  phenol  are  being  produced  in  the  ether  in  irradiations  made  at 
a  high-dose  rate.  The  data  obtained  from  the  low-dose  rate  irradiations 
(curves  C  and  D,  Figure  7),  though  more  randomly  scattered,  tend  to 
show  similar  phenolic  concentrations  and  approach  than  those  exhibited 
by  curve  B.  This  leads  to  the  conclusion  that,  if  the  difference  in  curves 
A  and  B  are  due  to  phenolic  materials  other  than  phenol,  then  low-dose 
rate  irradiations  tend  to  reduce  the  reactions  by  which  the  phenolic  mate¬ 
rials  (other  than  phenol)  are  formed. 

A  logarithmic  plot  of  curves  A  and  B  (Figure  7),  as  shown  in 
Figure  8,  indicates  that  the  rate  of  formation  of  phenol  and  that  of  the 
total  phenolic  materials  seems  to  be  first  order  in  the  2-6  X  10*®  100  ev. 
region.  The  rate  of  phenol  formation  appears  to  approach  the  rate  of 
total  phenolic  material  formation.  This  would  indicate  that  reactions 
other  than  those  responsible  for  the  phenolic  material  formation  are 
consuming,  at  an  increasingly  greater  rate,  the  radicals  needed  for  the 
phenolic  material  formation.  This  is  further  indicated  by  the  fact  that 
at  slightly  higher  doses,  detectable  amounts  of  diphenoxybenzenes  are 
found  in  the  irradiated  ethers. 

3.  Effect  of  Temperature  on  Phenol  Yield 

Low-dose  irradiations  of  diphenyl  ether  were  made  at  50-80 °C. 

The  phenol  and  phenolic  material  concentrations  were  determined  by  gas 
chromatography  and  by  spectrophotometry.  The  data  from  these  analyses 
are  plotted  in  Figure  9  and  show  that  the  yield  of  phenol  is  nearly  inde¬ 
pendent  of  the  temperature  of  irradiation.  The  yield  of  phenolic  materials 
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Molecules  per  Sample,  X  10 


Figure  7.  The  Effect  of  Dose  Rate  on  the  Formation  of  Phenol  and 
Phenolic  Materials  in  Diphenyl  Ether. 
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Figure  8.  The  Effect  of  High-Intensity  Dose  Rate  on  the  Rate  of 

Formation  of  Phenol  and  Phenolic  Materials  in  Diphenyl 
Ether. 
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Materials  in  Diphenyl  Ether. 


is,  however,  dependent  on  the  temperature  of  irradiation.  Since  an 
increase  in  temperature  will  increase  the  rate  of  radical  diffusion,  it 
would  appear  that  the  formation  of  the  phenolic  material  (not  phenol)  is 
a  function  of  the  rate  of  radical  diffusion  in  the  irradiated  ether.  This 
contention  can  be  further  verified  by  the  observations  (as  discussed  in 
the  previous  section)  that  the  phenolic  material  yield  is  greater  at  higher 
dose  rates  where  radical  formation  and  diffusion  rates  must  be  greater. 
These  data  again  indicate  that  the  processes  responsible  for  phenol  for¬ 
mation  must  occur  in  the  immediate  vicinity  of  the  radiation  track  and 
are  not  dependent  upon  diffusion  from  this  area  or  from  the  solvent  cage. 

The  results  of  the  above  experiments  have  shown  that  variation 
of  dose  rate,  sample  size  and  temperature  of  irradiation  can  cause 
changes  in  the  type  of  yield  products  and  the  rate  of  product  formation. 
Therefore,  all  subsequent  irradiations  (except  where  specifically  noted) 
concerned  with  studying  the  degradation  mechanisms  of  diphenyl  ether 
were  made  at  the  higher  dose  rate  using  2  ml.  samples  of  the  ether  con¬ 
tained  in  10  mm.  O.  D.  pyrex  cells  at  an  ambient  source  temperature  of 
26“C. 

D. _ Experiments  Concerned  with  Ascertaining  the  Primary  Degradation 

Mechanisms  in  the  Radiolysis  of  Piphenyl  Ether 


Based  on  the  types  of  yield  products  detected  and  identified  from 
the  radiolysis  of  diphenyl  ether  (Section  IV  A)  and  the  theoretical  proba¬ 
bility  of  free-radical  formation  (Section  II)  it  would  be  reasonable  to 
assume  that  most  of  the  observed  changes  could  be  the  result  of  free- 
radical  formation  and  subsequent  radical  reactions. 

The  data  shown  in  Table  8  is  a  compilation  of  the  analytical  re¬ 
sults  obtained  from  the  radiolysis  of  standard  samples  of  diphenyl  ether 
at  irradiations  ranging  from  low  to  high  doses.  Experiments  designed 
to  elucidate  the  radiolysis  mechanism  must  lead  to  a  reasonable  inter¬ 
pretation  of  the  following  observations  drawn  from  these  data: 

(a)  The  yield  of  phenol  is  always  five  to  seven  times  greater 
than  the  benzene  yield.  If  the  formation  of  these  two  components 
resulted  directly  from  cleavage  of  the  ether  (C-O)  bond  with  the 
formation  of  phenyl  and  phenoxy  radicals,  then  one  would  expect 
the  yield  of  phenol  and  benzene  to  be  more  nearly  equal.  Since 
this  is  not  observed,  it  must  be  assumed  that  the  reactions  in¬ 
volved  in  the  formation  of  these  components  is  more  complex  than 
a  simple  hydrogen  atom  abstraction  reaction  by  the  radicals. 
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Relative  standard  deviation  {see  Ref.  46) 


(b)  The  apparent  disappearance  of  diphenyl  ether  (-Gj^)  is 
greater  at  lower  doses  than  at  higher  doses.  While  accuracy 

of  determining  the  at  lower  doses  is  considerably  less  than 

that  at  the  higher  dose  determinations  these  data  indicate  that 
the  rate  of  ether  disappearance  does  decrease  at  higher  absorbed 
doses. 

(c)  The  rate  of  polymer  formation  increases  with  increasing 
dose. 

The  following  experiments  describe  the  approach  utilized  to  ar¬ 
rive  at  some  interpretations  of  the  above  observations.  Particular 
emphasis  was  placed  on  the  mode  of  free  =  radical  reaction  as  related  to 
phenol  formation. 

1.  Determination  of  Free-Radical  Formation  and  Yield 

Considerable  work  has  been  done  in  the  past  to  determine  the 
free-radical  yields  in  the  radiolysis  of  organic  liquids.  Methods  such 
as  radical-initiated  polymerization  reactions,  iodine  scavengings^’ ^ 
and  diphenylpicrylhydrazyl  (DPPH)  scavenging'^’ ^  have  been  studied 
extensively.  The  use  of  polymerization  reactions  as  a  means  of  meas¬ 
uring  free- radical  yields  was  eliminated  from  consideration  in  this  study 
because  the  method  is  not  very  sensitive  and  to  be  utilized  effectively, 
considerable  knowledge  of  the  reaction  kinetics  for  the  system  has  to 
be  known.  The  use  of  iodine  for  a  radical  scavenger  was  found  to  be  un¬ 
desirable  since  absorption  bands  of  the  diphenyl  ether  and  yield  products 
interfered  with  the  iodine  absorption  band  measurements  required  to 
determine  the  iodine  concentration. 

In  proper  concentrations,  diphenylpicrylhydrazyl  (DPPH)  acts 
as  a  suitable  free-radical  scavenger.  Figure  10  shows  the  effect  of 
radiation  on  solutions  of  DPPH  in  diphenyl  ether.  The  non-linearity 
of  curves  1-4  (higher  concentrations  of  DPPH)  is  probably  due  to  the 
DPPH  not  following  the  true  zero-order  kinetics  required  for  ideal 
radical  scavenging. 

Curve  5  is  the  result  of  several  analyses  of  DPPH  solutions 
ranging  in  concentration  from  3.  2  X  10"^  to  6.  48  X  10“^  molar.  In  this 
concentration  region  the  DPPH  is  acting  as  a  scavenger  with  no  observ¬ 
able  effects  of  radiolytic  and  temperature  deterioration. 

The  slope  of  curve  5  (Figure  10)  is  equal  to  the  rate  of  disap¬ 
pearance  of  DPPH  which  in  turn  is  a  measure  of  the  rate  of  formation 
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Figure  10.  Effect  of  Radiation  on  Solutions  of  Diphenyl  pi  crylhy  dr  azyl  in  Diphenyl  Ether. 


of  free  radicals.  This  rate  is  0.  94  radicals  per  100  ev.  of  energy- 
absorbed  ("CJjrjpppj  =  0.  94). 

Radical  scavenger  studies  -with  DPPH  -were  made  at  30°  and  40 °C. 
The  curves  in  Figure  11  sho-w  the  effect  of  temperature  on  the  radical 
■yield.  The  difference  in  slope  of  the  two  curves  in  their  most  linear 
portion  gives  a  yield  value  of  0.  046  radicals  per  100  ev.  per  °C.  This 
value  may  be  high  since  the  stability  of  DPPH  is  affected  to  a  certain 
extent  by  increasing  temperature,  however,  the  data  show  that  either 
the  rate  of  radical  formation  is  greater  at  the  higher  temperature  or 
there  is  an  increase  in  the  rate  of  radical  diffusion  from  the  immediate 
area  of  formation  to  a  point  where  more  efficient  scavenging  can  occur. 

Irradiation  of  DPPH  solutions  at  dose  rates  of  5.2  X  lO^r.  /hr. 
and  1.7  X  10®  r.  /hr.  showed  no  change  in  yield  of  free  radicals  thus  in¬ 
dicating  that  the  rate  of  radical  formation  by  scavenger  measurements 
is  independent  of  dose  rate. 

2.  The  Action  of  Phenol,  Phenolic  Compounds,  and  Polyaryl  Ethers 

on  the  Radiolysis  of  Diphenyl  Ether 

Since  the  destruction  rate  of  diphenyl  ether  decreases  as  the 
total  absorbed  dose  is  increased  (see  Table  8),  ,  it  was  desirable  to 
determine  the  effects  of  some  of  the  radiation  yield  products  on  the  ini¬ 
tial  yield  of  such  components  as  phenol  and  other  phenolic  compounds. 

Samples  of  diphenyl  ether  containing  0.  017  M  concentrations  of 
phenol  were  irradiated  to  varying  doses  up  to  100  X  10*®  100  ev.  (high- 
dose  region).  The  irradiated  solutions  were  analyzed  by  gas  chromato¬ 
graphy  for  phenol  content.  It  was  found  that  the  amount  of  phenol  pres¬ 
ent  was  increased  only  by  an  amount  equivalent  to  that  expected  if  there 
had  been  no  phenol  present  in  the  original  ether.  This  indicates  that 
phenol,  present  as  an  additive  or  as  a  yield  product  has  no  detectable 
effect  on  further  formation  of  phenol  during  radiolysis.  The  yield  of 
benzene  was  increased  slightly  by  the  presence  of  phenol  in  the  high 
dose  irradiations. 

Other  ether  solutions  containing  equivalent  quantities  of  o-, 
m-,  and  p-diphenoxybenzene,  4-biphenylyl  phenyl  ether,  o-,  m-,  and 
p-phenoxyphenol  and  biphenyl  were  irradiated  to  low  doses  and  ana¬ 
lyzed  by  gas  chromatography  for  phenol  and  by  spectrophotometry  for 
total  phenolic  material.  All  solutions  showed  no  significant  change  in 
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Figure  11.  Effect  of  Temperature  on  the  Radical  Yield  in 

Diphenylpicrylhydrazyl -Diphenyl  Ether  Solutions. 
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phenol  yield  and  no  increase  in  benzene  yield.  The  aryl  ethers  had  no 
effect  on  the  yield  of  total  phenolic  material.  However,  the  presence  of 
polyarylphenols  in  the  irradiated  solutions  reduced  to  a  small  degree  the 
yield  of  total  phenolic  material. 

3.  Energy  Transfer  in  Organic  Systems 

Considerable  work  has  been  done  in  the  past  regarding  the  pro¬ 
tective  action  imparted  to  a  solvent  by  small  amounts  of  a  solute.  Most 
of  the  work  has  been  concerned  with  the  hydrogen  yield  from  the  irradia¬ 
tion  of  cyclohexane  containing  small  amounts  of  benzene. In 
this  system  it  has  been  shown  that  the  hydrogen  yield  is  reduced  very 
significantly  from  that  expected  if  there  were  no  interaction  between  the 
solvent  and  solute.  In  general,  the  reduction  in  hydrogen  yield  is  attribu¬ 
ted  to  a  transfer  of  absorbed  energy  from  the  solvent  molecules  to  the 
protector  or  solute  molecules  in  such  a  manner  as  to  prevent  the  normal 
degradation  of  the  solvent. 

It  is  known  in  the  radiolysis  of  diphenyl  ether  that,  as  the  ab¬ 
sorbed  dose  is  increased,  the  yield  values  of  certain  components  vary 
and  this  variation  may  be  the  result  of  certain  "energy  transfer"  char¬ 
acteristics  of  some  of  the  components  being  formed  during  the  radiolysis. 
It  was,  therefore,  of  interest  to  make  a  survey  of  the  effects  of  solutes 
other  than  benzene  on  the  hydrogen  yield  from  cyclohexane  and  thus  as¬ 
certain  in  a  relative  manner  the  degree  of  protection  certain  components 
might  impart  in  the  radiolysis  of  diphenyl  ether.  It  was  decided  to  de¬ 
termine  these  effects  at  rather  low  doses  in  order  to  minimize  the 
effects  of  any  secondary  reactions  that  might  occur. 

The  data  plotted  in  Figure  12  were  obtained  from  the  radiolysis 
of  solutions  of  cyclohexane  containing  varying  amounts  of  aromatic 
solutes  irradiated  to  doses  of  about  10  X  10^®  100  ev.  The  electron  frac¬ 
tion  of  a  component  was  calculated  as  described  by  Manion  and  Burton.^* 
This  fraction  is  not,  however,  significantly  different  from  a  volume  frac¬ 
tion  calculation  for  the  components  studied.  In  Figure  12,  line  A  repre¬ 
sents  the  hydrogen  yield  expected  if  there  were  no  interaction  between 
the  components.  The  data  show  that  benzene  is  quite  effective  in  reduc¬ 
ing  the  hydrogen  yield  and  this  reduction  is  generally  attributed  to  energy 
transfer  or  energy  absorption  phenomena.  In  the  perspective  of  this 
interpretation,  the  aryl  ethers  must  be  considered  to  be  more  efficient 
energy  absorbers  than  benzene.  Certain  phenols  may  be  even  more 
efficient. 
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Figure  12.  Effect  of  Arorriatic  Compounds  on  the  Hydrogen  Yield  of  Cyclohexane 


The  primary  significance  of  this  data  is  that  it  shows  that 
classes  of  compounds  similar  to  those  found  in  the  radiolysis  of  diphenyl 
ether  are  capable  of  protecting  a  system  from  apparent  radiolytic  degra¬ 
dation.  It  is  reasonable  to  assume  that  such  compounds  when  formed 
during  diphenyl  ether  radiolysis  could  subsequently  impart  a  protective 
effect  to  the  ether  and  thus  cause  the  appearance  of  near  constant  ratios 
between  the  yield  products  from  the  ether  when  irradiated  to  high  doses. 

There  is  evidence,  however,  to  indicate  that  the  protective  action 
imparted  to  cyclohexane  by  the  aryl  ethers  is  done  so  at  a  sacrifice  to 
the  stability  of  the  ether.  This  could  shed  some  doubts  on  the  assump¬ 
tion  that  the  protective  role  of  the  solute  is  acting  via  a  true  energy 
transfer  mechanism.  The  evidence  that  the  ether  degradation  rate  is 
increased  as  a  result  of  radiolysis  in  cyclohexane  is  born  out  by  the 
following:  After  radiolysis,  the  cyclohexane  from  a  sample  containing 
diphenyl  ether  and  a  sample  containing  m-diphenoxybenzene  was  removed 
and  the  resulting  residue  analyzed  by  gas  chromatography.  Although  the 
analysis  was  not  made  on  an  absolute  quantitative  basis,  it  was  estimated 
that  the  phenol  concentration  in  the  diphenyl  ether  sample  was  increased 
about  two  to  four  fold  over  that  expected  if  there  had  been  no  interaction 
between  the  solution  components.  From  the  sample  containing  m-di- 
phenoxybenzene,  a  similar  increase  in  the  yield  of  phenol  and  diphenyl 
ether  was  observed.  If  this  increased  degradation  of  the  ether  is  related 
to  a  transfer  of  energy  from  the  solvent  to  the  solute,  then  the  energy 
is  being  transferred  at  a  fast  enough  rate  to  protect  the  degradation  of 
the  solvent  but  too  fast  for  the  solute  to  dissipate  the  energy  before 
degradation.  Another,  and  a  more  plausible  explanation  for  the  increased 
solute  degradation  is  the  action  of  free  radicals  on  the  decomposition  of 
the  ether  solute.  The  following  section  shows  that  the  action  of  phenyl 
radicals  produced  in  the  absence  of  radiation  in  diphenyl  ether  causes 
the  formation  of  many  compounds  similar  to  those  found  as  the  products 
from  the  radiolysis  of  diphenyl  ether. 

4,  The  Action  of  Phenyl  Radicals  on  Diphenyl  Ether 

The  thermal  decomposition  of  benzoyl  peroxide  is  known  to  be  a 
good  source  of  phenyl  and  benzoyl  radicals.  In  solution,  dismutation 
of  the  benzoyl  radicals  leads  to  the  formation  of  carbon  dioxide  and  phenyl 
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radicals.  Considerable  work  has  been  done  concerning  the  rate  of 
benzoyl  peroxide  decomposition  in  various  solvents.  Very  little  work 
has  been  done,  however,  regarding  the  identification  of  the  reaction 
products,  particularly  in  aryl  ether  solutions. 

Since  the  initial  radiolysis  reactions  of  diphenyl  ether  have  been 
presumed  to  be  a  cleavage  of  the  carbon-oxygen  bond  to  form  phenyl 
and  phenoxy  radicals,  it  was  thought  that  the  formation  of  phenyl  radi¬ 
cals  from  benzoyl  peroxide  decomposition  would  provide  a  good  means 
of  ascertaining  the  role  of  the  phenyl  radical  in  the  radiolytic  degrada¬ 
tion  of  diphenyl  ether.  A  series  of  exploratory  experiments  were  made 
to  determine  the  nature  of  the  products  formed  by  the  thermal  decompo¬ 
sition  of  benzoyl  peroxide  in  diphenyl  ether. 

The  following  compounds,  identified  by  gas  chromatographic 
methods,  were  found  to  be  produced  in  diphenyl  ether  as  the  result  of 
the  thermal  decomposition  of  benzoyl  peroxide: 

(a)  Benzene 

(b)  Phenol 

(c)  £,  m,  p-Diphenoxybenzene 

(d)  4-Biphenylyl  phenyl  ether 

(e)  Bis(m-phenoxyphenyl)  ether 

(f)  Bis(p-phenoxyphenyl)  ether 

Although  gas  chromatographic  methods  do  not  provide  a  positive  means 
of  component  identification  when  working  with  unknown  mixtures,  the 
similarity  of  the  chromatogram  obtained  from  the  peroxide  decompo¬ 
sition  to  that  obtained  from  the  radiolytic  decomposition  of  diphenyl  ether 
is  great  enough  to  preclude  any  doubt  of  the  identity  of  the  above  com¬ 
pounds.  An  additional  major  component  found  in  the  peroxide  decompo¬ 
sition  has  been  tentatively  identified  as  phenyl  benzoate. 

These  exploratory  experiments  were  very  significcint  in  provid¬ 
ing  clues  concerning  the  fate  and  mode  of  reaction  of  phenyl  radicals  in 
diphenyl  ether.  To  further  elucidate  the  role  of  the  phenyl  radical  in 
the  formation  of  products  other  experiments  were  made.  In  Figure  13 
is  shown  the  relation  of  benzene  to  phenol  formation  that  resulted  from 
the  thermal  decomposition  at  75 ‘’C.  of  diphenyl  ether  solutions  contain¬ 
ing  2%  benzoyl  peroxide.  It  is  seen  that  benzene  and  phenol  are  produced 
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Figure  13.  The  Relation  of  Benzene  and  Phenol  Formation  from  the 
Thermal  Decomposition  of  Benzoyl  Peroxide  in  Diphenyl 
Ether. 


almost  spontaneously  with  the  original  benzene  concentration  being 
much  greater  than  the  phenol  concentration.  As  the  decomposition  pro¬ 
ceeds,  the  phenol  concentration  increases  as  the  benzene  decreases. 

After  five-hours'  reaction  it  was  determined  by  gas  chromatog¬ 
raphy  that  about  12%  of  the  ether  had  been  consumed.  The  components 
(c)  to  (f)  (page  43)  were  formed  only  in  very  small  quantities  initially 
and  gradually  increased  in  concentration  as  the  reaction  proceeded. 

It  was  of  interest  to  determine  whether  the  formation  of  phenyl 
radicals  and  their  subsequent  reactions  in  diphenyl  ether  were  accom¬ 
panied  by  the  formation  of  hydrogen.  An  evacuated  benzoyl  peroxide - 
ether  solution  was  thermally  decomposed  in  a  sealed  tube  and  after 
reaction  for  two  hours  at  70 °C.  the  atmosphere  above  the  reaction 
solution  was  sampled  and  analyzed  for  hydrogen.  The  analysis  showed 
no  evidence  of  hydrogen  formation. 

Samples  of  diphenyl  ether  containing  0.  1%  benzoyl  peroxide  were 
irradiated  and  analyzed  for  benzene  and  phenol.  The  yield  values  from 
these  irradiations  and  those  of  similar  irradiations  without  the  peroxide 
are  shown  in  Table  9.  • 


TABLE  9 

BENZENE  AND  PHENOL  YIELDS  FROM  THE  RADIOLYSIS 
OF  DIPHENYL  ETHER  AND  DIPHENYL  ETHER  CONTAINING 


1%  BENZOYL  PEROXIDE 

Composition  Irradiated 

Dose,  100  ev.  X  10"*®  G 

Benzene 

G  Phenol 

Diphenyl  ether 

31 

.  035 

.  241 

Diphenyl  ether 

and 

peroxide 

31 

.  040 

.444 

Diphenyl  ether 

62 

.  052 

.  261 

Diphenyl  ether 

and 

peroxide 

62 

.  055 

.  354 

These  data  show  that  the  presence  of  the  peroxide  in  the  irradi¬ 
ated  mixture  increases  the  yield  of  phenol  significantly  but  has  only  a 
minor  effect  on  the  benzene  yield.  It  is  not  known  how  the  peroxide  de¬ 
composes  under  irradiation  but  the  peroxide  band  is  weak  (Table  2)  and 
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a  reasonable  assumption  would  be  that  the  radiolytic  decomposition  of 
the  peroxide  would  not  differ  greatly  from  the  thermal  decomposition. 

The  increased  phenol  yield  from  the  irradiation  of  diphenyl  ether  in  the 
presence  of  peroxide  indicates  that  the  precursor  to  phenol  formation  is 
the  phenyl  radical. 

5.  The  Action  of  Phenyl  Radicals  in  Other  Aromatic  Systems 

To  establish  definitely  that  the  phenol  from  the  above  decompo¬ 
sitions  was  not  being  formed  from  some  kind  of  degradation  through  re¬ 
arrangement  of  the  benzoyl  peroxide,  a  sample  of  the  peroxide  was  de¬ 
composed  thermally  in  benzene  and  the  resulting  solution  analyzed  for 
phenol.  No  phenol  was  found.  Since  no  phenol  was  found  this  experi¬ 
ment  would  indicate  that  the  phenyl  radical  is  the  precursor  to  phenol 
formation. 

It  was  of  interest  to  determine  the  effects  of  the  phenyl  radical 
on  other  compounds  similar  in  structure  to  diphenyl  ether.  Small  amounts 
of  benzoyl  peroxide  were  decomposed  thermally  in  the  following  solvents: 
diphenylmethane ,  diphenylamine  and  bis(3-methylphenyl)  ether.  If  the 
action  of  the  phenyl  radical  in  these  solvents  were  to  proceed  similarly  to 
that  in  diphenyl  ether,  then  one  would  expect  to  find  toluene,  aniline, 
and  m- ere  sol,  respectively,  in  the  reaction  products.  Gas  chromato¬ 
graphic  analysis  of  the  reaction  products  showed  that  these  expected  com¬ 
pounds  were  formed. 

6.  The  Action  of  Phenoxy  Radicals 

If  the  initial  radiolytic  degradation  of  diphenyl  ether  forms  the 
phenyl  radical,  presumably  an  equal  quantity  of  the  phenoxy  radical 
would  be  formed.  A  search  of  the  chemical  literature  revealed  no  clear 
and  unambiguous  way  of  forming  the  phenoxy  radical  in  solution  and  in 
the  absence  of  radiation.  It  has  been  indicated,  however,  that  a  benzoyl- 
peroxide  thermal  decomposition  in  solution  with  a  small  amount  of  phenol 
present  will  result  in  the  formation  of  some  phenoxy  radicals  along  with 
other  expected  radicals.®^ 

To  ascertain  the  possibility  that  the  phenoxy  radical  can  be  formed 
by  the  above  method,  a  sample  of  benzene  containing  a  small  amount  of 
benzoyl  peroxide  and  phenol  was  heated  for  one  hour  at  70  °C.  Gas  chromato 
graphic  analysis  of  the  reaction  mixture  showed  that  some  diphenyl  ether 
had  been  formed.  The  presence  of  an  ether  in  this  reaction  mixture  was 
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confirmed  by  infrared  spectroscopy.  This  information  was  interpreted 
to  indicate  that  phenoxy  radicals  had  been  formed  and  that  the  diphenyl 
ether  formation  resulted  either  from  the  combination  of  the  phenoxy  and 
phenyl  radicals  or  from  the  reaction  of  the  phenoxy  radical  with  benzene. 

When  the  phenol-peroxide  decomposition  was  made  in  diphenyl 
ether  products  similar  to  those  formed  in  the  absence  of  phenol  were 
found.  This  was  to  be  expected  since  the  reaction  forms  predominantly 
phenyl  radicals  and  the  phenoxy  radicals  to  a  lesser  extent.  Of  particu¬ 
lar  interest,  however,  was  a  change  in  the  ratio  of  the  products  p-di- 
phenoxybenzene  and  4-biphenylyl  phenyl  ether.  From  diphenyl  ether, 
decomposed  either  radiolytically  or  by  phenol-peroxide,  p-diphenoxy- 
benzene  is  formed  in  greater  quantities  than  4-biphenylyl  phenyl  ether. 

In  the  peroxide-decomposed  ether  (no  phenol  added)  4-biphenylyl  phenyl 
ether  is  formed  in  greater  quantities  than  p-diphenoxybenzene.  This 
indicates  that  the  phenoxy  radical  is  formed  by  the  presence  of  phenol  in 
the  peroxide  decomposition  and  indicates  the  type  of  compounds  this 
radical  is  responsible  in  forming. 

These  observations  indicate  that  the  phenoxy  radical  is  responsi¬ 
ble  in  forming  (in  diphenyl  ether  solution)  the  high-boiling  products  iden¬ 
tified  as  ethers  in  which  each  phenyl  group  is  separated  by  an  oxygen 
linkage.  The  reaction  of  the  phenyl  radical  is  associated  with  the  forma¬ 
tion  of  high-boiling  compounds  composed  of  a  phenyl  radical  attached 
directly  to  another  phenyl  group. 

7.  Hydrogen  Yield  from  the  Radiolysis  of  Diphenyl  Ether 

The  amount  of  hydrogen  formed  during  the  radiolysis  of  diphenyl 
ether  is  quite  small.  The  hydrogen-yield  data  plotted  in  Figure  14  indi¬ 
cates  that  the  yield  gradually  increases  and  appears  to  become  constant 
at  a  value  of  =  0.  005.  It  is  believed,  however,  that  the  hydrogen 
yield  probably  is  constant  over  the  entire  irradiation  dose  range  and  a 
true  value  for  this  yield  would  be  more  nearly  Gpj^  =  0.  005-0.  006.  The 
analytical  methods  for  the  determination  of  hydrogen  did  not  permit  the 
detection  of  all  the  hydrogen  (see  Appendix)  that  might  have  been  present 
in  a  dissolved  state.  The  uncertainty  of  the  quantity  of  dissolved  hydro¬ 
gen  in  low-  and  medium-dose  irradiations  would  make  any  conclusions 
regarding  the  increasing  rate  of  formation  in  this  dose  region  rather 
dubious. 
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Figure  14.  The  Yield  of  Hydrogen  from  the  Radiolysis  of  Diphenyl  Ether. 


8. 


Polymer  Formation  and  Diphenyl  Ether  Disappearance 


The  data  shown  in  Table  8  related  to  polymer  formation  and  the 
rate  of  diphenyl  ether  disappearance  are  plotted  in  Figure  15.  The  de¬ 
termination  of  the  value  was  made  by  gas  chromatography.  It  was 

impossible  to  determine,  by  the  methods  available,  an  accurate  -Gj^ 
value  for  irradiations  in  the  low-  and  medium-dose  regions.  Point  A, 
Figure  15,  represents  a  -G^  value  obtained  for  a  minimum  high-dose 
irradiation  and  this  value  is  thought  to  have  considerable  erro.r.  The 
error  in  determination  of  point  B  should  be  somewhat  less  than  point  A, 
and  point  C  should  be  a  reasonably  accurate  value.  Line  D,  through 
points  B  and  C  should  represent  a  maximum  -Gj^  value  for  the  irradi¬ 
ations  of  diphenyl  ether.  It  is  altogether  possible,  though  not  likely, 
that  the  rate  of  diphenyl  ether  disappearance  is  constant  throughout  the 
irradiation  range  and  may  not  be  significantly  greater  than  0.  5  at  any 
dose.  Line  D  represents  a  liberal  interpretation  of  the  best  available 
analytical  data  related  to  the  -Gj^  values. 

The  data  represented  by  the  G  polymer  curve.  Figure  15,  was 
obtained  by  combining  several  of  the  2  ml.  irradiated  diphenyl  ether 
samples  and  allowing  the  ether  to  evaporate  at  atmospheric  pressure 
while  heating  at  temperatures  not  exceeding  180 ®C.  This  technique  per¬ 
mitted  the  removal  of  the  low-boiling  yield  products,  the  diphenyl  ether 
and  materials  boiling  lower  than  the  4-phenyl  ethers.  The  G  polymer 
was  then  calculated  in  terms  of  the  number  of  molecules  of  diphenyl 
ether  required  to  be  equivalent  to  the  residue  weight.  The  G  polymer 
curve  should  represent  reasonably  accurate  values  and  shows  that  the 
rate  of  polymer  formation  increases  with  increasing  dose  up  to  the 
dose  region  designated  previously  as  the  high-dose  region.  In  the  high- 
dose  region  the  rate  of  polymer  formation  appears  to  be  almost  con¬ 
stant.  The  number  average  molecular  weight  of  the  polymer  repre¬ 
sented  by  point  C,  Figure  15,  was  found  to  be  625. 

9.  Determination  of  Biphenyl  in  the  Radiolysis  of  Diphenyl  Ether 

If  phenyl  radicals  are  formed  in  the  radiolysis  of  diphenyl  ether, 
one  could  expect  a  certain  amount  of  radical-radical  combination  reac¬ 
tions  which  would  result  in  the  formation  of  biphenyl.  A  biphenyl  yield 
of  0.  0011  has  been  reported  by  Wagner  and  Towle.  This  is  a  low  yield 
and  was  obtained  from  a  very  high-dose  irradiation,  7.  05  X  10^^  100  ev. 
by  1-Mev  electrons. 
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Figure  15.  Rate  of  Diphenyl  Ether  Disappearance  and  Polymer  Formation  as 
Related  to  Energy  Absorbed. 


Considerable  research  effort  was  expended  in  trying  to  develop 
gas  chromatographic  methods  that  would  separate  adequately  small 
amounts  of  biphenyl  from  diphenyl  ether.  These  compounds,  boiling  at 
255°C.  and  259‘’C.  respectively,  are  rather  difficult  to  separate.  Using 
a  Dow  Silicone  710  six  foot  column  operating  at  190°C.  ,  it  was  found 
that  a  trace  amount  of  biphenyl  in  the  presence  of  diphenyl  ether  could 
be  detected  only  by  the  shape  of  the  beginning  part  of  the  diphenyl  ether 
chromatogram  peak;  there  was  no  complete  resolution  of  the  components. 
Based  on  the  circumstances  of  the  analysis  for  biphenyl  it  is  felt  that 
the  gamma  radiolysis  of  diphenyl  ether  does  not  produce  biphenyl  in  quan¬ 
tities  greater  than  that  reported  by  Wagner  and  Towle  and  in  all  proba¬ 
bility,  the  compound  is  not  formed  at  all. 
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V. 


DISCUSSION  OF  EXPERIMENTAL  RESULTS 


A.  Summary  of  Experimental  Results 

This  section,  through  a  discussion  of  experimental  results,  pre¬ 
sents  a  possible  mechanism  for  the  radiolytic  degradation  of  diphenyl 
ether „  As  an  aid  to  this  discussion,  the  following  paragraphs  summarize 
briefly  the  pertinent  information  obtained  from  the  data  and  observations 
in  Section  IV. 

(1)  High -dose  irradiations  of  large  samples  of  diphenyl  ether 
give  yield  values  as  indicated  for  the  following  components: 


Product  G  Value  (Sec.  IV,  Par.  A) 


(a)  hydrogen  .  004 

(b)  carbon  monoxide  .  0006 

(c)  benzene  .  036 

(d)  phenol  .  200 

(e)  o-diphenoxybenzene  .0403 

(f)  m-diphenoxybenzene  .0165 

(g)  p-diphenoxybenzene  - 


(h)  4-biphenylyl  phenyl  ether  .0082 

(i)  bis(m-phenoxyphenyl)  ether - 

(j)  bis(p-phenoxyphenyl)  ether - 

(k)  o -phenoxyphenol 

(l)  p- phenoxyphenol 

(m)  p-phenylphenol 

(2)  Yield  components  detectable  by  gas  chromatography  account 
for  about  10%  of  the  degraded  ether  (Sec.  IV,  Par.  A). 

(3)  Radiation  greatly  increases  the  viscosity  of  the  ether  indi¬ 
cating  considerable  polymer  formation  (Sec.  IV,  Par,  A). 

(4)  Spectroscopic  examination  of  fractions  and  irradiated  ethers 
show  the  presence  of  small  amounts  of  aliphatic  or  saturated  cyclic  and 
carbonyl  structures  and  considerable  1:3  and  1:4  aromatic  substitution 
(Sec.  IV,  Par.  A). 


.  0215 
.  0124 
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(5)  Sublimation  and  molecular  weight  determination  of  the  poly¬ 
mer  indicates  a  rather  high  degree  of  polymerization  (Sec.  IV,  Par,  A). 

(6)  Weakly  acidic  materials  other  than  phenol  are  formed  in 
quantities  about  equivalent  to  the  phenol  formation  (Sec.  IV,  Par.  A), 

(7)  Dilatometry  shows  that  the  diphenyl  ether  radiolysis  proceeds 
first  by  scission  reactions  predominating  at  low  doses  followed  by  an 
increase  in  the  rate  of  polymerization  reactions  as  the  dose  is  increased 
(Sec.  IV,  Par.  B). 

(8)  The  rate  of  phenol  formation  is  increased  as  the  sample 
diameter  (radiation  track  length)  is  increased  indicating  that  the  initial 
processes  responsible  for  phenol  formation  must  occur  in  or  very  near 
the  radiation  track  (Sec.  IV,  Par.  B2). 

(9)  High  dose  rate  irradiations  produce  phenol  and  other  phenolic 
materials.  At  low  dose  rates  the  formation  of  phenolic  materials  other 
than  phenol  is  reduced  and  is  not  detectable  (Sec.  IV,  Par.  C2). 

(10)  The  rate  of  phenol  formation  is  nearly  independent  of  the 
temperature  of  irradiation  indicating  that  the  process  responsible  for 
phenol  formation  is  not  dependent  upon  radical  diffusion  but  occurs  in 

or  near  the  radiation  track.  The  rate  of  formation  of  phenolic  materials 
other  than  phenol  is  dependent,  however,  upon  the  temperature  of 
irradiation  and  is  thus  indicated  to  be  a  function  of  radical  diffusion 
(Sec.  IV,  Par.  C3). 

(11)  The  irradiation  of  standard  2  ml.  samples  of  diphenyl  ether 
gives  a  G  benzene  ranging  from  0.  0368  to  0.  0488  and  a  G  phenol  ranging 
from  0.  2169  to  0.  2795.  The  ratio  of  phenol  yield  to  benzene  yield  varies 
from  5.4  to  6.4  (Sec.  IV,  Table  8). 

(12)  In  proper  concentrations  DPPH  is  an  ideal  radical  scavenger. 
This  scavenger  gives  a  G  free-radical  value  of  0.  94  (Sec.  IV,  Par.  Dl). 

(13)  The  rate  of  detectable  radical  formation  increases  as  the 
temperature  of  irradiation  is  increased  and  is  probably  a  f\inction  of 
radical  diffusion  (Sec.  IV,  Par.  Dl). 

(14)  The  rate  of  radical  formation  is  not  effected  by  dose  rate 
(Sec,  IV,  Par.  Dl). 

(15)  Phenol  added  to  diphenyl  ether  prior  to  irradiation  does 
not  affect  the  rate  of  phenol  formation.  The  yield  of  benzene  is 
increased  slightly  by  the  addition  of  phenol  (Sec.  IV,  Par.  D2), 
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(16)  Polyaryl  ethers  and  phenols  present  as  additives  do  not 
affect  the  phenol  and  benzene  yields.  The  polyaryl  phenols  reduce  to  a 
small  degree  the  yield  of  total  phenolic  material  (Sec.  IV,  Par.  D2). 

(17)  Diphenyl  ether,  polyaryl  ethers,  and  polyaryl  phenols  possess 
rather  efficient  "energy  transfer"  characteristics  as  far  as  reducing 

the  hydrogen  yield  from  cyclohexane  is  concerned  (Sec.  IV,  Par.  D3). 

(18)  Phenyl  radicals  formed  in  situ  react  with  diphenyl  ether  to 
form  many  compounds  found  in  the  radiolysis  of  diphenyl  ether.  Of 
major  significance  is  the  formation  of  phenol  from  the  action  of  phenyl 
radicals  with  diphenyl  ether.  No  hydrogen  is  formed  by  the  reaction. 

An  increased  concentration  of  phenyl  radicals  (from  benzoyl  peroxide) 
in  the  ether  during  an  irradiation  results  in  an  increase  in  phenol  for¬ 
mation  with  an  insignificant  increase  in  benzene  (Sec.  IV,  Par,  D4). 

(19)  Phenyl  radicals  formed  in  situ  react  with  other  compounds 
structurally  similar  to  diphenyl  ether  to  form  compo\inds  analogous  to 
phenol,  i.  e.  toluene  is  formed  from  diphenyl  methane,  aniline  from 
diphenyl  amine,  and  m-cresol  from  bis(3-methylphenyl)  ether 

(Sec.  IV,  Par.  D5).  ~ 

(20)  Phenoxy  radicals  formed  in  situ  appear  to  be  responsible 
for  the  formation  of  high-boiling  compounds  in  which  phenyl  groups  are 
separated  by  oxygen  linkages  (Sec.  IV,  Par.  D6). 

(21)  The  rate  of  diphenyl  ether  disappearance  decreases  with 
increasing  radiation  dose  and  may  become  constant  at  high  doses, 

-Gm=  0.4-0.  5  (Sec.  IV,  Par.  D8). 

(22)  The  rate  of  polymer  formation  increases  and  then  becomes 
constant  in  the  high  dose  region  and  approaches  the  rate  of  diphenyl 
ether  disappearance. 

(23)  No  evidence  for  the  formation  of  biphenyl  from  the  radio¬ 
lysis  of  diphenyl  ether  was  found  (Sec.  IV,  Par.  D9). 

B. _ Theoretical  Considerations  of  Probable  Reactions  Occurring  in 

Diphenyl  Ether  Radiolysis 

The  diphenyl  ether  molecule  contains  C-C,  C-H,  and  C-O 
bonds.  Of  these,  the  bond  energy  of  the  C-O  is  the  smallest  (Table  2) 
and  consequently  should  be  the  most  susceptible  to  cleavage  during 
radiolytic  degradation.  The  energy  of  the  radiation  used  in  this  in¬ 
vestigation  would  be  sufficient  to  break  all  the  bonds  except  where 
energy  transfer  mechanisms  are  effective  in  minimizing  the  bond 
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scission.  Radiolysis  studies  of  the  aromatic  hydrocarbons  show  that 
very  little  rupture  of  the  aromatic  ring  occurs  and  consequently  direct 
radiolytic  cleavage  of  the  C-C  bonds  in  the  ether  molec\ile  would  not 
be  expected.  The  C-H  bond  cleavage  in  the  radiolysis  of  aromatic 
hydrocarbons  occurs  only  to  a  minor  extent.  Therefore,  radiolytic 
cleavage  reactions  in  diphenyl  ether  would  involve  predominantly  the 
C-O  bonds  as  indicated  in  the  following  two  primary  radiolysis  equations: 


The  formation  of  free  radicals  by  either  of  the  above  reactions 
is  considered  to  be  the  primary  reaction.  The  chemical  changes  observed 
as  the  result  of  radiolysis  are  subsequently  induced  by  the  reaction  of 
these  free  radicals.  The  reaction  of  these  free  radicals  with  other 
radicals  or  molecules  producing  the  observed  changes  are  considered  to 
be  secondary  reactions  and  the  most  probable  of  these  occurring  in  the 
radiolysis  of  diphenyl  ether  are  presented  in  Table  10. 

Reactions  13,  16,  and  19  are  unlikely  to  predominate  because  they 
are  probably  endothermic  (see  reaction  1,  Sec.  II).  Reaction  18  can  be 
eliminated  from  consideration  since  the  radiation  environment  would 
cause  immediate  cleavage  of  the  weak  peroxide  bond.  Reactions  14,  15, 
and  17  are  thermodynamically  possible;  however,  the  probability  of 
these  reactions  occurring  to  a  measurable  degree  is  rather  low  since 
the  reactivity  of  the  phenyl  radical  is  quite  high  and  this  radical  should 
be  consumed  rapidly  by  other  processes  before  reactions  14  and  15  could 
occur.  The  reactivity  of  the  H*  and  the  susceptibility  of  the  aromatic 
molecules  for  reaction  with  the  hydrogen  atom  or  phenyl  radical  makes 
reaction  17  very  improbable.  The  energetics  for  reactions  11  and  12 
might  be  favorable;  however,  the  probability  for  the  occurrence  of 
these  reactions  would  be  dependent  upon  the  formation  of  phenol  and 
this  probability  would  be  quite  low  at  low  absorbed  doses.  Reaction 
11a,  phenolic  hydrogen  atom  abstraction  by  the  phenyl  radical,  would 
be  thermodynamically  preferred;  however,  the  reaction  probability 
would  be  quite  low.  Reaction  12a  could  proceed  through  a  resonatit 
process  and  would  be  a  preferred  reaction  if  the  reactive  species  were 
present  in  sufficient  concentrations.  Reaction  8  is  energetically  feasi¬ 
ble,  probable  and  preferred  if  the  diphenyl  ether  radical  is  formed. 
Reaction  9  is  very  probable  particularly  if  activated  ether  molecviles 


WADD  TR  60-282-Pt.II 


55 


TABLE  10 


PROBABLE  SECONDARY  FREE  RADICAL  RE¬ 
ACTIONS  OCCURRING  IN  THE  RADIO  LYSIS  OF 
DIPHENYL  ETHER 
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can  be  degraded  to  radicals  without  bond  scission.  Hydrogen  formation 
via  reaction  20  is  very  mlikely  to  occur  since  the  reactivity  of  the  hydro¬ 
gen  atom  is  great  enough  to  assure  its  consumption  by  other  methods,  such 
as  reaction  10,  before  reaction  20  coiild  occur. 

Although  little  can  be  said  regarding  the  thermodynamics  of  the 
secondary  reactions  3-12,  they  may  be  used  conveniently  to  accovint 
for  many  of  the  products  fo\ind  in  radiolytically  decomposed  diphenyl 
ether.  Based  on  probability  considerations  these  reactions  are  more 
likely  to  occur  than  many  of  the  other  reactions.  Further  statements 
regarding  reactions  1-12  appear  in  the  following  section, 

C . _ Considerations  of  Radiolytic  Mechanisms  in  Diphenyl  Ether 

Degradation 


In  the  low -dose  irradiation  region  it  must  be  assumed  that  the 
primary  degradation  step  is  that  indicated  by  reaction  1.  This  assump¬ 
tion  is  validated  by  the  dilatometry  studies  within  limitations,  since 
it  is  known  that  some  polymerization  reactions  do  occur  in  this  dose 
region. 


Free -radical  scavenger  studies  (DPPH)  show  that  the  rate  of 
radical  formation  is  0.  94  radicals  per  100  ev.  of  absorbed  energy. 
Thus,  using  the  above  argument,  the  initial  yields  from  reaction  1  are 
as  follows; 

0^>Q^Q.  +  Qo- 

-0.47  0.47  +  0.47 

The  fate  of  the  phenyl  and  phenoxy  radicals  is  of  primary  importance. 
Since  reaction  1  demands  that  these  radicals  be  formed  in  equal  quan¬ 
tities  and  since  the  observed  benzene  and  phenol  concentrations  are  not 
equivalent,  it  must  be  concluded  that  most  of  these  radicals  enter  into 
reactions  more  complex  than  simple  hydrogen  abstraction. 

If  it  is  assumed  that  benzene  is  formed  by  a  hydrogen  abstrac¬ 
tion  reaction  (reaction  3)  and  the  observed  G  benzene  is  0.  036,  then 
reaction  3  accounts  for  the  consumption  of  7.  7%  of  the  phenyl  radicals 
formed  by  reaction  1. 

The  G  values  of  the  other  reactions  involving  the  phenyl  rad¬ 
icals  must  account  for  a  phenyl  radical  G  value  of  0.434. 
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Reaction  4  could  occur;  however,  its  probability  is  rather  low 
as  it  is  dependent  upon  the  formation  of  an  ether  radical.  Reaction  4a  is 
energetically  feasible  and  has  a  high  probability  for  occurrence  since 
its  environment  is  always  composed  of  a  high  concentration  of  ether 
molecules.  For  discussion  purposes,  reactions  4a  and  5  should  be  con¬ 
sidered  identical  except  for  the  position  of  attack  of  the  phenyl  radical 
on  the  ether  molecule.  In  reaction  4a  it  is  proposed  that  the  phenyl 
radical  attacks  the  ether  molecule  at  the  meta  and/or  para  positions, 
thus  forming  an  active  complex  which  can  stabilize  itself  (a)  by  losing 
a  hydrogen  atom  to  produce  a  biphenylyl  phenyl  ether,  or  (b)  by  reacting 
with  other  radicals  or  activated  molecules  to  form  higher  molec\iLar 
weight  products. 

In  reaction  5,  the  phenyl  radical  attacks  the  ether  molecule  in 
the  ortho  position,  forming  an  active  complex  which  is  immediately  de¬ 
graded  into  phenol  and  the  biphenylyl  radical.  If  all  the  remaining 
phenyl  radicals  (G  =  0.434)  were  to  react  via  reaction  5  to  form  phenol, 
one  would  expect  a  G  phenol  0.434  from  the  radiolysis  of  the  ether. 
This  high  yield  of  phenol  was  not  observed;  the  yield  was  about  0.  22. 

In  other  words,  based  on  the  observed  phenol  yield,  reaction  5  consumes 
about  51%  of  the  available  phenyl  radicals. 

It  is  proposed  that  reaction  5  is  the  predominating  phenol -forming 
reaction  and  justification  for  this  statement  is  outlined  below: 

(1)  Table  1  shows  that  phenyl  radical  reactions  with  aromatic 
compounds  result  in  isomer  distributions  in  which  the  ortho  isomer 
accounts  for  48%  to  67%  of  the  products.  If  48%  to  67%  of  the  available 
phenyl  radicals  (G  =  0.434)  were  to  react  at  the  ortho  position  of  diphenyl 
ether  to  form  an  active  complex  which  subsequently  decomposed  to  form 
phenol,  one  would  expect  to  find  a  phenol  yield  of  0.  21  to  0,  29.  This 
expected  yield  coincides  with  the  experimentally  observed  value  (0.  22). 

(2)  The  fact  that  the  theoretically  calculated  yield  corresponds 
to  an  observed  yield  is  not  proof  of  a  proposed  mechanism;  however,  it 
does  give  considerable  support  to  the  proposal.  The  proposed  reaction 
sequence  for  the  phenol -forming  mechanism  is  depicted  in  reaction  5a. 
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I 


{5a) 


OKD’ 

The  complex  radical  I  shovild  be  highly  unstable  and  would 
immediately  decompose  into  the  products.  (Note  the  similarity  of  this 
reaction  to  reaction  5,  Sec.  II).  The  formation  of  a  stable  yield  product 
derived  from  (I)  was  not  indicated  by  any  of  the  product  analysis 
techniques,  i.  e.  gas  chromatography  did  not  show  the  presence  of  a 
component  that  could  be  2-biphenyl  phenyl  ether  nor  did  spectroscopy 
studies  indicate  any  significant  quantities  of  1;2  aromatic  substitution. 

(3)  In  order  to  confirm  the  above  mechanism,  one  would  have  to 
tag  or  block  the  four  ortho  positions  in  the  ether  molecule  which  would 
be  a  rather  difficult  task.  Some  evidence  to  support  this  mechanism  was 
obtained,  however,  by  determining  the  phenol  yield  from  the  isomeric 
diphenoxybenzenes.  If  the  above  mechanism  is  functional  in  the  formation 
of  phenol  from  these  ethers,  then  the  radiolytic  phenol  yield  from  these 
ethers  would  be  proportional  to  the  niunber  of  center  ring  ortho  positions 
in  the  molecule.  This  expectation  is  at  least  partially  cpnfirmed  by  the 
data  shown  in  Table  1 1 . 


TABLE  11 

PHENOL  YIELD  FROM  THE  RADIOLYSIS  OF  DIPHENOXYBENZENES 


Compounds 

^(phenol) 

Center  ring  ortho 
positions 

o  -diphenoxybenzene 

0.  055 

2 

m  -diphenoxybenzene 

0.  158 

3 

p- diphenoxybenzene 

0.  140 

4 
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The  fact  that  p-diphenoxybenzene  does  not  follow  the  above  expectations 
is  not  too  disturbing  since  it  is  well  known  that  para  substituted  iso¬ 
mers  are  much  more  radiolytically  stable  than  the  corresponding  ortho 
and  meta  isomers. 

If  phenol  is  formed  via  reaction  5a,  there  is  available  a  G  value 
equivalent  to  0.  21  to  0.  29  of  biphenylyl  radicals.  The  experimental  data 
show  that  very  little,  if  any,  biphenyl  is  formed;  therefore,  this  rad¬ 
ical  does  not  react  by  mechanisms  analogous  to  those  of  reactions  3  or 
14.  It  is  presumed  that  this  radical  forms  products  of  higher  molecular 
weight  as  indicated  in  reaction  21. 


With  the  analytical  techniques  presently  available  it  is  difficult  to  dis- 
tinquish  the  product  of  this  reaction  from  products  of  other  reactions 
such  as  8  and  9.  The  only  evidence  to  indicate  that  products  of  this 
type  are  formed  is  that  spectroscopic  examination  of  an  irradiated  di¬ 
phenyl  ether  shows  the  presence  of  1:3  and  1:4  aromatic  substitution. 

The  remaining  phenyl  radicals  (those  not  reacted  by  reactions  3 
and  5)  are  presumed  to  be  involved  in  reactions  with  the  meta  and  para 
positions  of  the  diphenyl  ether  (see  reaction  4,  Table  10), 

The  role  of  the  phenoxy  radical  in  the  formation  of  the  radio - 
lytic  products  of  diphenyl  ether  is  not  as  clearly  defined  as  that  of  the 
phenyl  radical  because  the  phenoxy  radical  could  not  be  formed  independ¬ 
ently  in  situ.  The  only  experimental  evidence  indicative  of  the  type  of 
compounds  formed  by  the  phenoxy  radical  comes  from  phenoxy  radicals 
formed  in  situ  in  the  presence  of  phenyl  radicals  formed  simultaneously. 
Phenoxy  radicals  cause  an  increase  in  the  formation  of  high  molecular 
weight  compounds  in  which  the  phenyl  groups  are  separated  by  oxygen 
linkages,  i.e,  diphenoxybenzenes.  This  is  the  type  of  compound  expected 
from  reaction  7  or  possibly  reaction  16.  The  diphenoxybenzenes  are  the 
first  high^boiling  compounds  detectable  by  gas  chromatography;  they 
become  detectable  in  the  medium  dose  region.  For  lack  of  information 
to  indicate  otherwise  it  must  be  assumed  that  the  entire  yield  of  phenoxy 
radicals  (G  =  0.47)  is  used  in  forming  diphenoxybenzenes. 

Phenol  formation  from  the  phenoxy  radical  by  reaction  6  cannot 
be  ruled  out;  however,  it  would  not  be  expected  to  form  phenol  at  a 
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rate  greater  than  reaction  3  forms  benzene  from  the  phenyl  radical. 


The  rate  of  polymer  formation  in  low-dose  irradiations  is  quite 
small  but  increases  as  the  absorbed  dose  is  increased  and  approaches 
a  constant  G  value  of  0.4  to  0.5.  The  exact  mode  of  polymer  formation 
is  not  known.  Experimental  data  show  that  polymerization  must  proceed 
via  a  reaction  whereby  rather  high-molecular -weight  materials  are 
formed.  This  is  indicated  by  the  rapid  increase  in  density  and  viscosity 
of  the  ether  irradiated  to  high  doses  and  by  the  fact  that  a  polymer  frac¬ 
tion  was  shown  to  have  a  molecular  weight  of  17, 000.  Also,  the  number 
average  molecular  weight  of  the  total  polymer  (all  yield  components 
boiling  higher  than  the  diphenoxybenzenes)  was  fotand  to  be  625,  which  is 
indicative  of  the  presence  of  very  high-molecular -weight  polymer  mole¬ 
cules.  A  reasonable  process  by  which  such  polymers  could  be  formed 
would  be  by  a  radical  initiated  chain  reaction  as  indicated  by  reaction  8. 

At  present  there  is  no  way  to  identify  the  radical  species  responsible  for 
initiating  the  reactions;  however,  it  is  quite  likely  that  they  are  formed 
from  a  primary  reaction  such  as  reaction  2  or  arise  from  secondary 
reactions  such  as  3,  5  or  6.  The  fact  that  the  polymer -formation  rate 
is  quite  low  at  low  doses  indicates  that  this  reaction  is  dependent  upon 
the  concentration  of  the  initiating  radicals.  If  primary  reaction  2  does 
occur,  it  should  form  radicals  at  a  constant  rate  throughout  all  irradia¬ 
tion-dose  regions  and,  consequently,  if  the  polymerization  is  dependent 
upon  these  radicals,  the  rate  of  polymer  formation  should  be  constant, 
even  at  low  doses.  It  is,  therefore,  probable  that  the  initiating  radicals 
are  derived  from  the  secondary  reactions  and  the  primary  reaction  2 
may  not  occur  at  all.  Many  of  the  radicals  formed  from  the  secondary 
reactions  such  as  3  and  6  may  enter  into  radical -combination  reactions 
like  reaction  9.  Products  of  this  type  could  be  classed  as  low-mole¬ 
cular-weight  polymers.  High-temperature  gas  chromatography  shows 
the  presence  of  compounds  of  this  type  in  an  irradiated  ether.  These 
were  previously  identified  (Sec.  IV,  Par.  A)  by  HTC  as  being  bis(phenoxy- 
phenyl)  ethers.  The  bis(phenoxy)biphenyl  depicted  as  resulting  from 
reaction  9  could  very  well  be  indistinquishable  by  gas  chromatography 
from  the  bis(phenoxyphenyl)  ethers. 

D. _ Summary  of  the  Most  Probable  Degradation  Mechanisms 

The  following  reactions  seem  to  be  the  most  probable  ones  respon¬ 
sible  for  the  degradation  of  diphenyl  ether.  These  reactions  can  account 
for  most  of  the  observed  radiolytic  products  and  yield  values. 
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(1) 


s  # 


*R  =  any  radical  produced  by  secondary  reactions. 

Other  reactions  of  minor  significance  are  known  to  occur  and 
these  will  be  discussed  later. 
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E. 


Material  Balance 


The  following  is  an  attempt  to  derive  a  material  balance  for  the 
radiolysis  of  diphenyl  ether  at  low  doses  in  terms  of  yield  values  deter¬ 
mined  experimentally  or  calctilated  from  assumptions  made  in  proposing 
radiolysis  mechanisms. 


Reaction 


Reaction 


The  underlined  yield  values  are  experimentally  determined;  the 
bracketed  values  are  calculated  or  assumed  from  the  proposed  mechan¬ 
ism;  and  the  remaining  are  indicated  only  to  show  a  reaction  balance. 
Siimmation  of  the  above  values  which  are  directly  related  to  consuming 
diphenyl  ether  (value  marked  with  *)  gives  a  theoretical  value  for 

diphenyl  ether  of  1.61,  which  corresponds  to  a  maximinn  experimentally 
estimated  -G:j^  value  of  2.  1  for  a  very  small  dose,  (see  Figure  15). 


F.  Kinetic  Considerations 

The  scission  of  the  ether  bond  with  the  formation  of  phenyl  and 
phenoxy  radicals  has  been  shown  to  be  the  predominant  reaction  in  the 
radiolysis  of  diphenyl  ether  at  low  doses.  At  these  dose  levels  the 
concentration  of  the  ether  remains  for  all  practical  purposes  constant 
and  its  decomposition  rate  should,  therefore,  follow  a  zero-order 
kinetic  expression.  Since  it  is  difficult  to  follow  analytically  the  small 
concentration  changes  of  the  diphenyl  ether,  the  rate  of  radical  formation 
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was  measured  and  was  used  to  indicate  the  rate  of  diphenyl  ether  dis¬ 
appearance.  Using  DPPH  as  radical  scavenger  and  assuming  only  the 
formation  of  phenyl  and  phenoxy  radicals,  the  following  equations  in¬ 
dicate  the  relation  of  ether  disappearance  to  scavenger  disappearance. 

0_o-0-»0  •  +  0o-  (1) 

0-  +  0O-  +  2  DPPH -*0  DPPH  +  0o DPPH  (2) 

The  overall  reaction  can  thus  be  represented  as  follows: 

0-0-0+  2 DPPH -> 2 R* DPPH  (3) 

*R  =  0*  and  0o. 


Since  the  disappearance  of  one  molecule  of  diphenyl  ether  cor¬ 
responds  to  that  of  two  molecules  of  scavenger  and  the  appearance  of 
two  molecules  of  reaction  products,  it  follows  that  the  rate  of  reactions 
are  related  by  the  expressions: 


d[DPPH]  _  d[0-o-0] 

dt  dt 


d[  RDPPH] 
dt 


therefore: 


d[0-o-0]  _  d[  DPPH] 
dt  2  dt 


(4) 


(5) 


Since  the  absorbed  dose  D  is  a  direct  function  of  time,  it  follows 
that  dt  is  a  direct  measure  of  absorbed  dose  dD;  therefore,  equation  (5) 
can  be  written  as  follows: 

d[0-o0]_  1  d[DPPH] 

-  dD  "^’2  dD~ 

The  rate  of  disappearance  of  the  ether  is  half  the  rate  of  dis¬ 
appearance  of  the  scavenger  molecules. 

If  the  absorbed  dose  is  expressed  in  100  ev.  units  (D  =  100  ev.  ), 
then  the  rate  of  disappearance  is  equivalent  to  the  radiolytic  yield 
value  (G).  Therefore,  the  G  value  for  the  disappearance  of  the  diphenyl 
ether  molecule  (-Gj^)  can  be  expressed  as  a  function  of  the  rate  of  the 
disappearance  of  the  DPPH  molecules: 
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(7) 


d[0-o-0]  1  d[DPPH] 

dD  ^  2  dD 


where  [DPPH]  and  [0-o-0]  is  expressed  as  number  of  molecules. 


The  disappearance  of  DPPH  at  low  doses  was  deterniined  experi¬ 
mentally  and  is  represented  in  curve  5,  Figure  10  (Sec.  IV,  Par,  Dl), 
The  linearity  of  curve  5  indicates  that  the  rate  of  disappearance  of 
DPPH  follows  a  zero-order  expression.  From  this  curve  it  can  be 
calculated  that  the  rate  of  DPPH  disappearance  is  0.94  molecules  per 
100  ev.  Therefore, 


d[DPPH] 

dD 


^  ,  1  [DPPH] 

0 .  94  then  -  —  — r — 

2  dD 


=  =  0.47 


(8) 


From  equations  7  and  8  it  follows  that: 
d[0-o-0] 


dD 


-G 


m 


0.47 


(9) 


and  this  value  represents  the  disappearance  rate  of  diphenyl  ether  re¬ 
sulting  from  scission  of  the  ether  bond. 


Expressed  in  other  units,  the  rate  constants  for  G^, 

and  G0O- would  all  have  the  value  of  0.504  X  10“^  molecule s /liter - 
hour  when  the  radiation  dose  rate  is  about  5  X  lO"®  r,  /hr.  for  a 
standard  two  milliliter  sample  being  radiated  at  26  “C. 

If  most  of  the  radicals  produced  by  scission  are  reacting 
directly  with  the  diphenyl  ether,  as  previously  indicated,  one  would 
expect  that  the  rate  of  diphenyl  ether  disappearance  shoiild  be  of 
zero-order.  This  rate  of  disappearance  should  be  three-fold  greater 
than  the  rate  of  phenyl  radical  or  phenoxy  radical  formation.  Figure  16 
shows  the  relation  of  diphenyl  ether  disappearance  to  radiation  dose. 

The  linearity  of  the  curve  between  points  A  and  B  indicates  that  the 
disappearance  of  the  ether  follows  zero-order  kinetics.  The  slope  of 
this  curve  is  equal  to  the  -Gm  and  is  1. 77.  This  compares  to  an  ex¬ 
pected  value  of  1, 41  which  is  based  on  the  assumption  that  the  total 
“Gm  shoiild  equal  three  times  the  yield  of  phenyl  or  phenoxy  radicals. 

At  doses  greater  than  10  (100  ev. )  the  linearity  of  this  curve  ceases 

and  it  is  presumed  that  other  reactions  are  affecting  the  rate  of 
diphenyl  ether  disappearance.  The  rate  of  diphenyl  ether  disappearance 
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is  decreased  considerably  at  doses  greater  than  10^°  (100  ev.  )•  It 
should  be  noted  that  the  dose  indicated  by  point  B,  Figure  16,  corres¬ 
ponds  very  closely  to  point  C,  Figure  5,  The  interpretation  of  the 
latter  is  that  at  these  absorbed  doses,  a  polymerization  reaction  is 
predominating  over  the  ether  bond  scission  (see  Sec.  IV,  Par.  IB). 

It  is  very  probable  that  the  reactions  responsible  for  the  change  in  rate 
of  ether  disappearance  indicated  by  the  curve  between  points  B  and  C, 
Figure  16,  is  the  result  of  this  polymerization  reaction. 

G. _ Minor  Radiolytic  Reactions 


The  formation  of  hydrogen  in  the  radiolysis  of  diphenyl  ether  is 
quite  low.  Though  not  actually  observed,  hydrogen  is  believed  to  be 
formed  at  a  rather  constant  rate  over  the  entire  radiation  dose  range 
(see  Sec.  IV,  Par.  7).  Considerable  work  has  been  reported  concerning 
the  mode  of  hydrogen  formations  in  the  radiolysis  of  aromatic  hydro- 
carbons  ’  and  much  evidence  indicates  that  hydrogen  atoms  arising 
from  a  dissociation  such  as  reaction 


RH 


RH* 


R.  +  H. 


(1) 


are  consumed  by  addition  to  the  surrounding  aromatic  hydrocarbon. 

Since  the  observed  hydrogen  yield  from  the  radiolysis  of  di¬ 
phenyl  ether  is  similar  to  that  found  from  the  radiolysis  of  analogous 
hydrocarbons,  i.  e.  biphenyl  and  terphenyls®^  it  is  presumed  that  the 
presence  of  the  C-O  bond  in  the  ether  has  little  or  no  effect  on  the 
mode  of  hydrogen  formation.  Hydrogen  atoms  arising  from  a  reaction 
similar  to  (1)  above  and  subsequently  reacting  with  the  ether  molecules 
could  account  for  the  formation  of  some  of  the  hydrogenated  structures 
observed  by  the  spectroscopic  examination  of  the  irradiated  ether  or 
chromatographically  separated  ether  fractions  (Sec.  IV,  Par.  A  and 
Table  7).  The  formation  of  hydrogen  molecules  may  very  well  arise 
from  a  molecular  process  involving  excited  ether  molecules  from  which 
the  reaction  products  are  hydrogen  and  polymer  as  shown  in  reaction  2. 
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At  high  doses  of  radiation  there  is  observed  a  small  yield  of 
carbon  monoxide  from  the  diphenyl  ether  radiolysis.  The  origin  of  this 
product  is  a  matter  of  speculation.  Some  attempts  have  been  made  to 
relate  the  reactions  occurring  from  radiolysis  to  those  occurring  from 
the  action  of  low-energy  electrons  from  the  mass  spectrograph.®® 

Recent  studies  by  Beynon,  Lester  and  Williams®®  propose  a  mechanism 
by  which  CO  is  removed  from  the  diphenyl  ether  molecule  by  the  mass- 
spectrometer  electrons  to  form  a  stable  alkyl-aromatic  ion  which  is 
one  of  the  predominating  peaks  in  the  mass  spectra  of  diphenyl  ether. 

It  is  reasonable  to  suppose  that  a  very  similar  mechanism  could  result 
from  gamma  radiation  and  could  be  responsible  for  the  formation  of  the 
aliphatic  structures  that  have  been  observed  in  the  chromatographed 
fractions  of  the  irradiated  ether  (Sec.  IV,  Par.  A).  The  stable  ion 
formed  in  the  mass  spectrometer,  as  proposed  by  Beynon  et  al.has  struc¬ 
ture  (I).  The  one-electron  bond  in  the  dotted  region  can  be  stabilized  by 
various  resonance  forms.  The  aliphatic-aromatic  materials  found  in 
the  irradiated  ether  could  be  formed  through  an  intermediate  similar 
to  (I). 


(I) 
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VI. 


CONCLUSIONS 


The  following  general  conclusions  can  be  made  regarding  the 
radiolytic  degradation  of  diphenyl  ether: 

1 .  Diphenyl  ether  is  quite  stable  to  the  effects  of  gamma  radiation. 
Radiolysis  causes  the  formation  of  small  amounts  of  hydrogen,  carbon 
monoxide  and  saturated  products;  larger  quantities  of  benzene,  phenol, 
higher -molecular -weight  phenolic  materials,  low-molecular -weight 
polymers  and  high-molecular -weight  polymers. 

2.  Physically,  radiolysis  changes  the  ether  from  colorless  to  dark 
brown,  increases  the  density  and  refractive  index  and  greatly  increases 
the  viscosity. 

3.  The  formation  of  the  yield  products  can  be  explained  by  the  re¬ 
actions  of  free  radicals  formed  by  the  radiolytic  scission  of  the  ether 
carbon-oxygen  bond.  The  initial  radicals  formed  by  radiolysis  of  the 
ether  are  the  phenyl  and  phenoxy  radicals. 

4.  The  radiolytic  scission  of  the  C-O  bond  would  form  equivalent 
quantities  of  the  phenyl  and  phenoxy  radicals.  Most  of  these  radicals 
do  not  react  by  hydrogen  abstraction  to  form  benzene  and  phenol,  which 
are  the  first-observed  yield  products.  This  is  evident  because  the 
phenol  yield  is  always  five  to  seven  times  greater  than  the  benzene 
yield. 

5.  Most  of  the  phenoxy  radicals  appear  to  react  with  the  diphenyl 
ether  to  form  low-molecular  weight  polymeric  materials  such  as  di - 
phenojo^-benzenes .  A  small  amount  of  these  radicals  may  be  consumed 
in  forming  phenolic  materials  such  as  phenoxyphenols. 

6.  Phenyl  radicals  formed  in  situ  in  the  absence  of  radiation,  in 
diphenyl  ether,  can  cause  the  formation  of  some  benzene  and  major 
quantities  of  phenol  and  other  products  such  as  biphenylyl  phenyl  ethers. 

7.  In  the  absence  of  radiation,  phenyl  radicals  react  with  other 
compounds  structurally  similar  to  diphenyl  ether  to  form  products 
analogous  to  phenol. 
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8.  Phenyl  radicals  reacting  with  aromatic  molecules  generally 
substitute  predominantly  (48-67%)  in  the  ortho  position.  In  diphenyl 
ether,  it  appears  that  about  50%  of  the  radiolytically  formed  phenyl 
radicals  react  at  the  ortho  position  of  the  ether  to  form  a  complex  which 
is  immediately  decomposed  to  form  phenol  and  another  radical. 

9.  Phenyl  radicals  reacting  with  the  ether  molecule  at  the  meta  and 
para  position  do  not  result  in  the  formation  of  phenol  but  form  biphenyl yl 
phenyl  ether  type  products. 

10.  Evidence  to  indicate  further  that  phenol  formation  occurs  as  the 
result  of  phenyl  radical  reaction  with  the  ortho  position  of  diphenyl 

ether  was  obtained  from  the  radiolysis  of  the  isomeric  diphenoxybenzenes. 
The  phenol  yield  from  the  o^-diphenoxybenzene,  which  has  two  unsubsti¬ 
tuted  center  ring  ortho  positions,  was  considerably  less  than  the  phenol 
yield  from  the  m  and  p^-diphenoxybenzenes,  which  have,  respectively, 
three  and  four  unsubstituted  center  ring  ortho  positions.  This  indicates 
that  phenol  formation  is  a  function  of  the  probability  for  an  ortho  posi¬ 
tion  reaction. 

11.  The  formation  of  phenyl  and  phenoxy  radicals  in  the  primary 
degradation  process  follows  zero-order  kinetic  reactions. 

12.  Radiation  dose  rate  (within  the  limits  studied)  does  not  affect  the 
rate  of  radical  formation. 

13.  Increasing  the  temperature  of  irradiation  increases  the  rate  of 
free -radical  formation;  this  may  be  a  function  of  radical  diffusion 
processes . 

14.  Small  quantities  of  aryl  ethers  and  aryl  phenols  in  cyclohexane 
are  more  efficient  than  benzene  in  reducing  the  radiolytic  hydrogen 
yield  expected  from  the  cyclohexane.  This  indicates  that  these  mate¬ 
rials  are  very  efficient  absorbers  of  transferred  energy  and  that  simi¬ 
lar  materials  formed  in  the  radiolysis  of  diphenyl  ether  may  be  effective 
in  decreasing  the  rate  of  the  ether  degradation  as  the  radiation  dose  is 
increased. 

15.  Polymer  formation  appears  to  be  initiated  by  radicals  formed  by 
processes  other  than  the  initial  formation  of  phenyl  and  phenoxy  radicals. 

Based  on  all  the  experimental  data,  the  proposed  mechanism  for 
phenol  formation  is  most  significant.  This  proposed  mechanism  suggests 
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that  phenol  is  formed  from  the  radiolytically  produced  phenyl  radical 
reacting  at  the  ortho  position  of  the  diphenyl  ether  molecule  to  form 
an  unstable  complex  which  is  decomposed  immediately  to  form  phenol 
and  another  radical.  The  mechanism,  though  not  proved  beyond  doubt, 
does  appear  to  be  very  plausible  since  it  accounts  for  the  high  observed 
radiolytic  yield  of  phenol  and  the  low  benzene  yield.  It  also  accounts 
for  the  formation  of  the  isomeric  diphenoxybenzenes ,  the  3-  and  4-bi- 
phenylyl  phenyl  ethers  and  also  the  absence  of  2-biphenylyl  phenyl 
ether. 
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RADIOLYSIS  OF  ARYL  ETHERS  OF  HIGHER  MOLECULAR 
'WEIGHT  THAN  DIPHENYL  ETHER 


I.  DISCUSSION  OF  EXPERIMENTAL  RESULTS 


It  woiild  be  very  desirable  to  study  the  radiolytic  mechanisms 
involved  in  the  radiolysis  of  the  higher -molecular -weight  ethers  as  was 
done  with  diphenyl  ether.  There  are  several  characteristic  factors  of 
these  ethers  which  make  such  a  study  a  difficult  task: 

(a)  The  diphenoxybenzenes  are  solids  at  temperatures  below 
about  50°C.  thus  making  it  necessary  to  use  elevated  temperatures  for 
liquid  phase  irradiations. 

(b)  At  the  elevated  temperature  required  for  liquid  phase  irra¬ 
diations,  DPPH  could  not  be  used  as  a  radical  scavenger  since  it  would 
be  thermally  degraded;  also,  the  solubility  of  DPPH  in  these  ethers 

is  quite  limited. 

(c)  In  general,  the  higher  molecular  weight  ethers  are  radio- 
lytically  more  stable  than  diphenyl  ether,  thus  making  the  detection 
of  yield  products  more  difficiilt  at  low  doses  of  radiation. 

(d)  Since  these  ethers  are  solids  or  very  viscous  liquids  with 
high  boiling  points  it  is  quite  difficult  to  utilize  gas  chromatography  to 
detect  and  to  determine  quantitatively  many  of  the  expected  yield  products 

It  can  be  seen  in  Table  12  that  radiation  causes  rather  large 
increases  in  the  viscosity  of  bis[m-(m-phenoxyphenoxy)phenyl]  ether 
m-bis-(m-phenoxyphenoxy)benzene.  In  this  discussion  these  ethers 
are  referred  to  as  m-6  ether  and  m-5  ether  respectively.  This  in¬ 
crease,  in  percent  change,  is  of  the  same  order  as  that  observed  from 
the  diphenyl  ether  radiolysis.  Radiolysis  of  the  m-6  ether  at  100°C. 
results  in  a  much  larger  increase  in  viscosity  change  which  would 
indicate  that  the  polymerization  reaction  responsible  for  the  viscosity 
increase  is  temperature  dependent.  The  hydrogen  yield  from  these 
ethers  is  of  the  same  order  as  that  observed  for  diphenyl  ether  and 
this  could  indicate  that  the  hydrogen  formation  from  the  radiolysis  of 
ethers  is  associated  with  polymer  formation. 

The  yield  of  benzene  and  phenol  from  the  radiolysis  of  the 
m-5  ether  and  the  m-6  ether  is  much  less  than  the  yield  of  these  prod¬ 
ucts  from  diphenyl  ether.  This  suggests  that  in  the  high-molecular - 
weight  ethers,  the  rate  of  C-O  bond  scission  is  quite  low  compared  to 
the  scission  rate  in  diphenyl  ether. 


WADD  TR  60-282-Pt.  II 


72 


ANALYTICAL  DATA  OBTAINED  FROM  THE  RADIOLYSIS  OF  SOME  HIGH  MOLECULAR  WEIGHT  ETHERS 
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Monsanto  produced  isomeric  five  phenyl  ethers. 


Other  than  hydrogen,  benzene  and  phenol,  the  only  low -boiling 
radiolytic  product  detectable  by  gas  chromatography  was  diphenyl  ether. 

The  yield  of  diphenyl  ether  was  very  small  and  this  coupled  with  the 

« 

low  benzene  and  phenol  yields  suggests  that  the  C-O  bonds  located  near 
the  center  of  the  ether  molecule  are  not  involved  in  any  scission  reactions 
It  is  very  probable  that  the  energy  received  by  the  center  part  of  the 
large  ether  molecule  is  dissipated  by  energy  transfer  within  the  molecule 
before  scission  of  the  internal  C-O  bonds  occurs. 

The  radiolysis  data  for  Monsanto  OS  124  shows  that  this  pilot- 
plant -produced  mixture  of  isomeric  five  phenyl  ethers  (five  phenyl 
groups  for  each  ether  molecule)  is  quite  stable  to  radiation.  The  yield 
of  benzene  and  phenol  is  a  little  greater  than  that  observed  from  the 
radiolysis  of  the  5-m  ether  and  the  6-m  ether  but  the  difference  is  rather 
insignificant. 

Table  13  shows  the  analytical  data  obtained  from  the  radiolysis 
of  m-diphenoxybenzene  and  4-biphenylyl  phenyl  ether.  The  most  obvious 
difference  in  the  radiolytic  stability  of  these  two  compounds  is  the  in¬ 
creased  stability  of  the  4-biphenylyl  phenyl  ether  as  indicated  by  the  very 
low  benzene  and  phenol  yields.  This  correlates  very  well  with  the  data 
which  would  be  expected  if  the  mechanisms  for  phenol  formation  from  the 
radiolysis  of  diphenyl  ether  were  the  same  as  those  responsible  for  the 
phenol  formation  from  the  4-biphenylyl  phenyl  ether.  This  increased 
stability  may  be  due  partially  to  the  para  substitution  effects  which,  in 
general,  makes  the  para  isomer  of  a  series  the  most  radiolytic  ally  stable 

The  disappearance  of  m-diphenoxybenzene  as  the  result  of  radia¬ 
tion  appears  to  be  in  the  same  order  of  magnitude  as  the  disappearance 
of  diphenyl  ether.  The  -Gj^  values  shown  in  Table  13  can  be  considered 
as  only  reasonable  estimates  since  there  was  considerable  analytical 
variability  in  introducing  the  samples  into  the  gas  chromatograph  for 
the  analysis. 
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TABLE  13 
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*ND  -  not  determined. 


II. 


CONCLUSIONS 


1.  Data  from  radiolysis  of  bis[m-{m-plienoxyphenoxy)phenyl]  ether, 
m-bis(m-phenoxyphenoxy)benzene  and  Monsanto  OS  124  show  that  these 
materials  are  very  stable  toward  radiolytic  degradation  as  measured  by 
the  formation  of  low-molecular -weight  and  low -boiling  products. 

2.  Based  on  the  increase  in  viscosity  resulting  from  radiation, 
apparently  most  of  the  degradation  processes  are  concerned  with  the 
formation  of  polymeric  materials. 

3.  The  experimental  data  indicate  that  C-O  bonds  located  near  the 
center  of  the  large  ether  molecule  are  protected  from  radiolytic  scission. 
This  protection  may  involve  energy  transfer  processes  within  the  ether 
molecule. 

4.  The  stability  of  m-diphenoxybenzene  is  not  significantly  greater 
than  that  of  diphenyl  ether.  4-Biphenylyl  phenyl  ether  is  very  stable 
toward  radiolytic  degradation  as  evidenced  by  low  benzene  and  phenol 
yields.  This  increased  stability  may  be  due  to  a  lesser  number  of  free 
ortho  positions  which  are  necessary  for  phenol  formation  or  may  be  due 
to  the  effects  of  para  substitution  which  increases  the  resonance  energy 
of  the  molecvile. 
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I.  ANALYTICAL  METHODS  USED  IN  THE  RESEARCH 

A. _ Gas  Chromatography 

1.  Gas  Yield  Determinations 

Where  irradiation  sample  size  and  total  dose  indicated  a  sufficient 

yield  of  gases  for  voliimetric  measurement,  the  yield  gases  were  trans¬ 
ferred  from  the  irradiation  cell  to  a  gas  burette.  The  volume  was  meas¬ 
ured  at  the  prevailing  pressure  and  then  calculated  to  STP  conditions. 
Samples  of  this  gas  were  analyzed  with  a  Beckman  GC-Z  gas  chromato¬ 
graph  (GC-2)  using  first,  for  hydrogen  determination,  a  six-foot,  5A 
molecular  sieve  coliomn  at  40 ®C.  and  an  argon  carrier  gas  flow  rate  of 
45  ml. /min.  For  components  other  than  hydrogen,  such  as  carbon 
monoxide,  the  same  col\imn  and  temperature  was  used  with  helium  as 
the  carrier  gas  flowing  at  45  ml.  /min.  Gas  samples  analyzed  with  a 
six-foot  silica  gel  column  showed  that  no  other  gaseous  components 
were  present. 

Hydrogen  yields  from  the  standard  2  ml.  low-dose  irradiated 
samples  were  determined  in  a  different  manner.  The  GC-2,  operating 
at  the  above  conditions  for  hydrogen  determination,  was  calibrated 
(a  disc  integrator  was  used  in  each  determination  to  measure  peak  area) 
for  instrviment  response  to  known  volumes  of  hydrogen  sampled.  Cali¬ 
bration  showed  the  instrument  to  detect  0.  325  X  10*  molecules  H2  per 
square  inch  of  peak  area.  The  irradiation  vial  was  capped  with  a  short 
piece  of  rubber  tubing  to  which  was  attached  a  short  glass  tube  sealed 
with  a  serum  cap.  This  attached  tubing  was  evacuated  through  an  in¬ 
serted  syringe  needle  which  was  then  removed  and  the  vial  break-off 
tip  opened.  A  sampling  syringe  was  then  used  to  remove  the  gases  and 
to  make  the  instrument  injection.  This  step  was  repeated  until  the 
hydrogen  peak  disappeared  from  the  chromatogram.  The  sum  of  the 
hydrogen  peaks  was  determined  and  from  this  and  the  calibration  factor, 
the  total  amount  of  hydrogen  produced  by  the  irradiation  was  calculated. 

2.  Benzene  and  Phenol  Determination 

Several  different  six-foot  columns  were  investigated  in  the  GC-2 
to  ascertain  the  optimum  operating  conditions.  The  partitioning  mate- 
rials  investigated  were  asphalt,  polyethylene,  polyphenyl  tar  ,  polyester 
succinate,  Apiezon  L,  DC  Silicone  550  and  710,  and  carbowax  20m.  Of 
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these,  the  asphalt,  20%  on  Chromosorb  42/60  mesh,  was  found  to 
give  the  most  symmetrical  peak  for  small  amounts  of  phenol. 

The  latter  column  at  190°  or  220 °C.  with  a  helium  flow  rate  of 
67  ml.  /min.  gave  very  good  resolution  between  benzene  and  phenol. 

Under  these  conditions  the  elution  time  for  diphenyl  ether  was  eighteen 
minutes  and  this  column  was,  therefore,  used  for  some  determinations 
involving  the  disappearance  of  the  ether.  Instrument  calibration  for 

1 8 

benzene  and  phenol  gave  an  instrument  peak  area  response  of  0.42  X  10 
molecules/in.  ^  respectively.  For  high  dose  irradiated  samples,  0.02 
ml.  injections  were  made  to  determine  the  benzene  and  phenol  yield 
and  then  the  diphenyl  ether  was  allowed  to  elute  from  the  column.  When 
the  determination  was  to  be  made  from  low  dose  irradiated  samples,  the 
GC-2  was  equipped  with  a  back-purge  attachment.  With  this  attachment, 
the  amount  of  benzene  and  phenol  in  0.06  ml.  samples  could  be  determined 
and  the  large  amount  of  ether  removed  from  the  column  without  passing 
through  the  detectors. 

The  back -purge  attachment  was  used  to  determine  the  benzene 
and  phenol  yields  from  all  ethers  boiling  higher  than  diphenyl  ether. 

After  determining  the  amount  of  benzene  and  phenol  in  a  known 
injected  volume,  this  value  was  used  to  calculate  the  amount  of  the 
component  present  in  the  total  irradiated  sample  and  from  this,  the 
yield  value  was  calculated. 

3.  Determination  of  Diphenyl  Ether  Disappearance  (-Gj^) 

Determining  the  amount  of  ether  destroyed  during  an  irradiation 
was  rather  difficult,  particularly  at  low  or  medium  doses,  because  it 
involves  detecting  very  small  changes  in  the  amount  of  ether  present 
in  a  known  volume  of  sample.  In  order  to  determine  a  reasonably 
accurate  value,  many  separate  determinations  had  to  be  made  on  a 
particular  sample. 

Most  of  the  -Gj^  values  were  calculated  from  data  obtained 
from  analysis  using  a  high  temperature  gas  chromatograph  (HTC). 

This  chromatograph  was  designed  after  a  model  reported  by  Felton*® 
and  is  capable  of  operating  at  column  temperatures  up  to  400 °C.  It 
was  found  that  a  20%  polyethylene  column,  operating  at  about  285 °C. 
and  a  helivun  flow  rate  of  65  ml.  per  min.,  provided  the  best  method 
for  determining  the  amount  of  ether  disappearance.  At  these  con¬ 
ditions  the  diphenyl  ether  was  eluted  as  a  very  sharp  peak  in  about 
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three  minutes o  The  measurement  of  peak  height  rather  than  area  was 
foiuid  to  be  more  reproducible  as  tailing  of  the  ether  peak  tended  to 
cause  a  variation  in  the  measured  area  of  the  peak„ 

To  make  a  -Gj^  determination  several  (usually  5-10)  0,01  or 
0. 02  pure  ether  samples  were  injected  followed  by  equivalent  samples 
of  the  irradiated  ethers.  The  average  peak  height  for  each  was  deter¬ 
mined  and  the  decrease  in  peak  height  of  the  irradiated  ether  calculated 
as  a  percent  of  the  pure  ether  peak  height.  This  value  was  then  used  to 
calculate  the  -Gj^. 

4.  Determination  of  Other  Components 

Yield  values  of  high-boiling  components  were  determined  using 
the  HTC  operating  at  column  temperatures  up  to  320 °C.  and  employing 
the  usual  gas  chromatographic  calibration  and  identification  techniques. 
When  available,  authentic  samples  were  used  for  retention  time  com¬ 
parison  and  instrument  response  calibration. 

B. _ Spectroscopy 

The  spectroscopy  studies  were  made  using  a  Baird  Infrared 
recording  spectrograph  and  a  Beckman  DK  2  visible -ultraviolet  spectro¬ 
graph  (DK  2).  The  usual  techniques  familiar  to  spectroscopists  were 
used. 


The  DK  2  was  used  to  measure  the  disappearance  of  the  DPPH 
in  the  radical  scavenger  studies.  Calibration  curves  of  known  con¬ 
centrations  of  DPPH  in  diphenyl  ether  using  the  DPPH  absorbance  band 

O 

at  5250  Awere  utilized  to  calculate  the  concentration  change  of  the  DPPH 
resulting  from  irradiation. 

Similar  calibration  and  measurement  techniques  were  utilized 

O 

to  determine  total  phenolic -OH  concentration.  Absorbance  at  2812  A 
was  used  for  the  concentration  measurement.  This  method  could  be 
utilized  for  only  low  and  medium  dose  total  phenolic  determinations 
as  at  higher  phenolic  concentrations  the  absorbance -concentration 
curve  did  not  follow  the  Beer -Lambert  law  presumably  as  the  result 
of  solute -solvent  association, 

C . _ Dilatometry 

A  dilatometer  was  prepared  from  a  10  ml.  volumetric  flask 
to  which  was  attached  a  section  of  thermometer  capillary  tubing.  The  : 
assembly  was  filled  with  the  ether  to  be  irradiated  and  the  temperature 
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of  the  dilatometer  and  solution  equilibrated  in  a  water  bath  at  25.0®C. 

The  liquid  level  was  measured  at  25.  O^C.  on  the  tubing  scale.  After 
a  period  of  irradiation  the  dilatometer  was  removed  from  the  source, 
equilibrated  to  25.0‘’C.  and  the  solution  height  measured.  The  liquid 
level  height  plotted  versus  calculated  absorbed  dose  was  used  to  obtain 
Figure  5  (Sec.  IV.) 

D. _ Micromolecular  Weight 

A  microebulliometer ,  constructed  after  the  design  of  Dimbat 
and  Stross®^  was  used  to  determine  the  reported  moleciilar  weights. 
Under  ideal  conditions,  the  instrtiment  can  permit  the  determination 
of  a  molecular  weight  on  as  little  as  10  mg.  of  sample  and  can  be  used 
to  determine  molecular  weights  up  to  about  20, 000.  When  a  sample  is 
a  mixture  of  compounds,  indicated  molec\ilar  weight  is  a  number  average 
molecular  weight.  The  molecvilar  weight  calculations  were  by  methods 
recommended  by  Bonnar,  Dimbat  and  Stress^®. 
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II.  RADIATION  FACILITIES  AND  SOURCE  CALIBRATION 

TECHNIQUES 

The  Denver  Research  Institute  source  is  very  similar  in 

design  to  one  used  at  the  University  of  Notre  Dame^^  and  is  described  in 
detail  by  Schmidt  et  al®.  The  source  contains  approximately  1800  curies 
of  Co^°.  In  the  area  of  maximum  intensity  the  radiation  dose  rate  was 
about  5X10®r./hr.  All  irradiation  dose  calculations  were  corrected 
for  the  Co^°  decay  or  were  determined  from  direct  calibration. 

A  source  calibration  was  made  at  different  times  during  the  re¬ 
search  period  using  ceric  sulfate  reduction  methods  (G  =  2.  58)  as  the 
calibrating  dosimeter^^.  The  ceric  sulfate  for  the  calibrations  were 
contained  in  sealed  pyrex  cells  of  the  same  type  as  used  for  sample 
irradiations  and  the  concentration  was  determined  spectrophotometri- 

O 

cally  by  measuring  the  absorbance  at  3150  A. 

Late  in  the  research  period,  the  DRI  source  was  cross  calibrated 
with  a  mobile  2500  curie  Co^°  source  operated  by  Convair  under  Contract 
AF  33(6l6)-7547.  The  ratio  of  the  intensity  of  the  two  sources  as  meas¬ 
ured  by  the  ceric  sulfate  dosimeter  (DRI  methods)  and  the  ionization 
chamber  methods  used  by  Convair  were  within  0.  3%  of  absolute  agreement. 
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III.  COMPOUNDS  USED  IN  THE  RESEARCH 


Table  14  lists  the  source,  purity,  and  some  physical  properties 
of  the  compounds  used  in  the  radiolysis  studies.  The  diphenyl  ether 
used  in  the  radiolysis  studies  contained  no  impurities,  detectable  by 
gas  chromatography,  boiling  higher  or  lower  than  the  ether.  The  other 
compounds  with  no  detectable  impurities  contained  none  boiling  lower 
than  the  parent  compound. 

Other  compounds  used  in  these  studies,  primarily  for  characteri¬ 
zation  purposes  are: 

(a)  bis(m-phenoxyphenyl)ether 

(b)  bis(p-phenoxyphenyl)ether 

(c)  m-phenoxyphenyl  p-phenoxyphenyl  ether 

(d)  m-bis[m-phenoxyphenoxy  phenoxy]  benzene 

(e)  o-phenoxyphenol 

(f)  m  -phenoxyphenol 

(g)  p-phenoxyphenol 

(h)  m-phenoxyphenoxyphenol 

(i)  p-bis-(p-hydroxyphenoxy)benzene. 

The  above  compounds  were  supplied  as  samples  by  the  Monsanto 
Research  Laboratories,  Dayton,  Ohio. 

Diphenylpicrylhydrazyl,  used  in  the  radical  scavenger  studies, 
was  prepared  by  the  method  described  by  Goldschmidt^*  or  was  obtained 
from  Distillation  Products  Industries,  Eastman  Organic  Chemicals 
Department. 
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The  polyphenyl  ethers  are  of  interest  as  po¬ 
tential  lubricants  because  of  their  demon¬ 
strated  resistance  to  thermal  and  radiolytic 
degradation. 
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Gamma  radiolytic  degradation  of  the  aryl 
ethers  forms  polymers  which  are  responsible 
for  the  observed  viscosity  increases.  High¬ 
er  molecular  weight  aryl  ethers  are  more 
stable  toward  radiolysis  than  diphenyl  ether. 
Diphenyl  ether  is  degraded  by  polymeriza¬ 
tion  reactions  and  by  the  reactions  of  the 
phenyl  and  phenoxy-free  radicals  resulting 
from  carbon -oxygen  bond  scission.  Radio - 
lytically  formed  phenol  results  from  the  re¬ 
action  of  the  phenyl  radical  at  the  ortho  po¬ 
sition  of  the  ether.  The  phenoxy  radical 
forms  diphenoxybenzenes. 
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